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ABSTRACT
The g lyoxalase  enzyme system c a ta ly se s  th e  conversion of 
m ethylglyoxal to  D -la c tic  a c id . The f i r s t  of th e  two component 
enzymes, g lyoxalase  I ,  i s  re sp o n sib le  fo r  th e  t r a n s f e r  of two pro tons 
in  an iso m érisa tio n  re a c tio n . This enzyme has been a sc rib ed  a rô le  in  
tum origenesis in  th e  p a s t and some of i t s  in h ib i to r s  a re  known to  be 
c a r c in o s ta t ic .
This th e s is  d e sc rib e s  quantum chemical c a lc u la tio n s  on th e  enzyme 
mechanism and on some enzyme in h ib i to r s .
The c a lc u la tio n s  on th e  mechanism of the  enzyme take th e  form of 
s tu d ie s  of model re a c tio n  schemes, w ith  minimal and s p li t-v a le n c e  b a s is  
s e ts .  The c a lc u la tio n  of th e  en erg ies  of v a rio u s  in te rm ed ia te s  has led  
to  the  ev a lu a tio n  of d i f f e r e n t  pathways as models of th e  enzyme 
mechanism. The comparison of d i f f e r e n t  s u b s ti tu te d  compounds has led  
to  fu r th e r  conclusions on the  p a rt played by th e  su lphur atcm in  th e  
enzym e-catalysed re a c tio n .
Two main groups of in h ib i to r  m olecules a re  d iscu ssed ; th ese  a re  
flavone and coumarin d e r iv a tiv e s . The m olecular e le c t r o s t a t i c  
p o te n tia l of th ese  m olecules has been c a lc u la te d  on v a rio u s  su rfa ce s , 
using  a minimal b a s is  s e t ,  to  a ttem pt to  c o r re la te  th i s  property  w ith  
the  compounds' in h ib ito ry  power.
-  v i i i
A FORTRAN program i s  p resen ted  which d e p ic ts  c a lc u la te d  p ro p e rtie s  
on th e  su rfa ce s . This program allowed the  id e n t i f ic a t io n  of v a rio u s  
reg io n s  which seemed to  be in d ic a tiv e  of the  in h ib ito ry  s tre n g th  of the  
compounds.




ABSTRACT v i i
CONTENTS ix
CHAPTER 1 INTRODUCTION 1
1.1 The S tages Of C arcinogenesis 3
1.2 The Treatment And Prevention  Of Cancer 5
CHAPTER 2 ENZYME INHIBITORS 10
2.1 Enzymes 11
2.2  Enzyme In h ib i to r s  12
2.3 Enzyme In h ib i to r s  And Cancer 15
CHAPTER 3 GLYOXALASE I  20
3.1 The Function Of G lyoxalase I  21
3 .2  P ro p e r tie s  Of G lyoxalase I  23
3.3 The C a ta ly tic  Mechanism Of G lyoxalase I  313.4 In h ib i to r s  Of G lyoxalase I  37
3.4 .1  G lutath ione-B ased In h ib i to r s  37
3 .4 .2  N atural In h ib i to r s  39
3 .4 .3  Reductones 393 .4 .4  Mechanism-Based In h ib i to r s  40
CHAPTER 4 THEORY AND METHODS 47
4.1 The Born-Oppenheimer Approximation 51
4.2 The B asis Set 51
4.3 The H artree-Fock Method 54
4.4 P ro p e rtie s  Obtained From The Wave Function 58
4.5 Energy C a lcu la tio n s  59
4.6 Population  A nalysis 60
4 .7  M olecular E le c t r o s ta t ic  P o te n tia l 61
4.8  Geometry O ptim isation 64
4 .9  The S tra tegy  Of The C a lcu la tio n s  67
CHAPTER 5 GRAPHICAL DISPLAY PROGRAM 69
5.1 Program Method 75
5 .1 .1  P ersp ec tiv e  Transform 78
5 .1 .2  Hidden Surface Removal 795.2 Rendering 80
5 .3  Program O peration 815.4  The VAX V ersion 83
5.5  Improvements 85
-  X -
CHAPTER 6 MODEL SCHEMES FOR THE ENZYMIC ACTION 88
6.1 Choice Of B asis Set 90
6 .2  The O verall R eaction Scheme 95
6.3 The S u b s tra te  Model: Molecule A 96
6.4 The Anionic Species 101
6.5 The T ra n s itio n  S ta te  S pecies: Molecule CF 1116.6 The Enediol Model : Molecule E 115
6.7 The Product Analogue: Molecule H 1186.8 E le c tro s ta t ic  P o te n tia l  C alcu la tio n s  120
6.9 Binding S tu d ies  With Magnesium 123
6.10 A ddition Of Alkyl Groups To Sulphur 125
CHAPTER 7 THE INHIBITORS OF GLYOXALASE I  168
7.1 The Flavonoid Compounds 172
7.2 The Coumarin Compounds 184
CONCLUSIONS 201
INDEX OF PHOTOGRAPHS 207
APPENDIX GRAPHICS PROGRAM LISTING 209
REFERENCES 246
-  1 -
CHAPTER 1
INTRODUCTION
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Cancer i s  perhaps th e  most fea red  d isease  in  the  W estern World. 
W hilst many o th e r d ise a se s , e sp e c ia lly  the  in fe c tio u s  ones, have been 
su cc e ss fu lly  tr e a te d ,  cancer i t s e l f  has remained a s ig n if ic a n t  k i l l e r ,  
second only to  ca rd io v ascu la r d iso rd e rs  in  th e  West. C ard iovascu lar 
death , whether by h e a r t  a tta c k  or s tro k e , i s  g en e ra lly  considered to  be 
p a rt of aging, as i t  i s  due to  a widespread d e te r io ra t io n  in  the  
c irc u la to ry  system. I f  i t  does occur in  middle age, i t  i s  a t t r ib u te d  
to  excessive s t r e s s ,  o v e r-ea tin g  or lack  o f e x e rc ise , o r ig in a tin g  from 
the  v ic t im 's  l i f e s t y l e .  Cancer, on the  o th e r hand, o r ig in a te s  a t  one 
locus and spreads to  o therw ise  health y  t is s u e s  in  the  body. I t  can 
occur a t  any age, although i t  i s  mainly a sso c ia ted  w ith  old age because 
of the  long tim esca le  of 30 to  40 years o ften  req u ired  fo r  th e  d isease  
to  e x h ib it n o tic eab le  symptoms and k i l l  the  v ic tim . A person who 
develops cancer i s  under g re a t psycholog ical p re ssu re , as a re  h is  
fam ily C l], because of the  popular no tions of cancer and i t s  e f f e c t s  -  
fo r  in s tan ce  pain , im m obility , lo s s  of liv e lih o o d  and death . The fe a r  
of th e  onset of cancer i s  s tro n g  enough to  m otivate th e  general pub lic  
to  donate la rg e  sums of money to  fund cancer re sea rc h . This in  i t s e l f  
i s  a s trong  stim ulus in  so lv ing  th e  r id d le  of th i s  unp leasan t d isea se , 
but the  economic lo s s  to  th e  community, r e s u l t in g  from th e  reduced 
work-span of many cancer v ic tim s i s  a lso  im portan t.
There have been many advances made in  th e  trea tm en t of cancer, 
r e s u lt in g  in  g re a te r  l i f e  expectancy and b e t te r  cure r a te s ,  but th e re  
w il l  never be a complete and e f fe c t iv e  trea tm en t -  o r group of 
trea tm en ts  -  u n le ss  the  a c tu a l mechanism i s  understood a t a b io lo g ic a l 
le v e l .  There i s  a wide range of s c ie n t i f i c  d e ta i l  which must be 
understood to  gain  th i s  in s ig h t :  th i s  v a r ie s  in  d e ta i l  from the  g ross 
s t a t i s t i c a l  c lu es  derived  from ep idem iological re sea rch  r ig h t  down to
-  3 -
th e  e le c tro n ic  p ro p e r tie s  of th e  m olecules in  the  body and th e i r  
in te ra c t io n s  w ith  o th e r  ag en ts . This th e s is  d ea ls  w ith  some of th e se  
subm icroscopic p ro p e r tie s  re le v a n t to  the  study o f cancer: i t  s tu d ie s  
an enzyme, c a lled  g lyoxalase  I ,  and i t s  in h ib i to r s .  Some of th e se  
in h ib i to r s  have shown promise as c a rc in o s ta t ic  agen ts in  th e i r  own 
r ig h t ,  but they may a lso  be used to  prevent th e  enzyme from destro y in g  
o th e r cy to to x ic  agen ts used in  chemotherapy.
This chap ter p re se n ts  a b r ie f  overview of what cancer i s ,  how i t  
can be prevented and t r e a te d ,  and th e  rô le  of th e  chem ist, and 
e sp e c ia lly  th e  th e o re t ic a l  chem ist, in  th i s  in v e s t ig a tio n . The second 
d ia p te r  d iscu sses  enzyme in h ib i to r s  w ith re levance  to  cancer re sea rch  
and cancer trea tm en t and th e  th ir d  i s  a co n tin u a tio n  of th is  theme w ith 
re fe ren ce  to  th e  enzyme, g lyoxalase  I ,  s tu d ied  in  t h i s  work. Chapter 4 
con ta in s a d iscu ss io n  of the  th e o re t ic a l  methods used in  th i s  work and 
Chapter 5 has d e ta i l s  of th e  computer g raphics work which was 
undertaken to  in te r p r e t  and complement th e  th e o re t ic a l  r e s u l t s .
Chapter 6 p re sen ts  the  in fo rm ation  obtained on th e  c a ta ly t ic  mechanism 
of the  enzyme, based on a s e t  of model re a c tio n s  and th i s  in fo rm ation  
i s  compared w ith c a lc u la tio n s  on th e  in h ib i to r  m olecules in  Chapter 7,
1.1 The S tages Of C arcinogenesis
The development of n e o p la s tic  tumours i s  a com plicated, 
m u lti-s ta g e  process which i s  thought to  be divided in to  th re e  main 
phases [2 ]: i n i t i a t i o n ,  promotion and p rog ression . This th re e -s ta g e , 
m u lti-s te p  concept of carc in o g en esis  i s  based on d a ta  obtained  from 
animal t e s t s ,  p a r t ic u la r ly  on mouse sk in  tumours, and th e re  i s  s t i l l  
some debate about i t s  re levance  to  human cancer, which i s  not so w ell
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in v e s tig a te d  fo r  obvious e th ic a l  reasons. The f i r s t  s tep  i s  alm ost 
c e r ta in ly  a diange in  the  g en e tic  inform ation  p resen t in  th e  c e l l  and 
produces a c e l l  which i s  in d is tin g u ish a b le  from a normal c e l l ,  but has 
th e  c a p a b ility  of transfo rm ing  in to  a n e o p la s tic  c e l l .  This conversion 
w il l  not take p lace u n le ss  th e re  i s  a subsequent a p p lic a tio n  of the  
promoting agent [3 ,4 ] .  W hilst a s in g le  a p p lic a tio n  of an i n i t i a t o r  i s  
enough to  i n i t i a t e  th e  tumour c e l l ,  i t  seems th a t  repeated  co n tac ts  
w ith  the  promoting agent a re  necessary  in  o rder to  achieve th e  
conversion to  th e  p r o l i f i c  c e l l  d iv is io n  a sso c ia ted  w ith  the  n e o p la s tic  
s t a t e .  The th ir d  s tag e , th a t  of p rogression , i s  the  evolving o f th e  
benign tumour in to  a m alignant form which can spread -  m e ta s ta s ise  -  
throughout the  body, forming secondary tumours which u ltim a te ly  k i l l  
the  v ic tim .
I n i t i a t i o n  i s  most e f fe c t iv e  a t  c e r ta in  tim es in  the  c e l l  cy c le : 
gen era lly  the  b est tim e to  e f f e c t  th e  change i s  a t  th e  s t a r t  o f DNA 
sy n th e s is . This change i s  d ir e c t ly  dependent on the  dose of the  
in i t i a t i n g  agen t. In  c o n tra s t ,  promoting agen ts have a th re sh o ld  dose, 
g iv ing  a maximum response. Promotion i s  a re v e rs ib le  process and i s  
not a d d itiv e  in  i t s  e f f e c t ;  in  o th e r  words, i f  the  a p p lic a tio n  of 
promoter i s  d i lu te  enough and spread out over a long enough p eriod , no 
n e o p la s tic  t is s u e  i s  generated . Thus, the promoting agent can be 
defined as one which a l t e r s  th e  a c tu a l expression  of th e  g en e tic  
m a te ria l in  a c e l l .  I t  does not in te r a c t  w ith the  g en e tic  message 
i t s e l f ,  as th e  i n i t i a t o r  does, bu t w ith the a sso c ia ted  decoding 
machinery. As th i s  s tag e  i s  re v e rs ib le ,  i t  i s  an obvious ta rg e t  fo r  
cancer trea tm en t: any trea tm en t which can prevent th e  a l te r a t io n  of the 
gen e tic  expression , o r r e s to re  th e  o r ig in a l coding in fo rm ation  w il l  
combat th e  promotion of tumours.
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1.2 The Treatment And P revention  Of Cancer
There a re  many cancers th a t  can be prevented o r cured and 
trea tm en t i s  improving a l l  th e  tim e. Percentage su rv iv a l r a te s  fo r  
many cancers have in c reased , c e r ta in ly  none have decreased! C erta in  
cancers give r i s e  to  e a r ly  p h y s io lo g ica l even ts s u ita b le  fo r  screen in g : 
the  two most obvious examples a re  cancers of the  b re a s t and cerv ix  in  
women. Cancer of the  ce rv ix  i s  alm ost 100% cu rab le  i f  i t  i s  caught 
e a r ly  enough. This was not th e  case twenty years  ago. In  f a c t ,  
although the  percentage r a te s  of cancer death have increased  in  the  
Western World, th e  ab so lu te  v a lues have decreased fo r  any given age 
group, i t  i s  ju s t  th a t  th e  r a te s  o f o th e r d isea ses  causing death have 
decreased even fu r th e r  [5 ] .
As w ith  a l l  d ise a se s , th e re  a re  two ways to  confound the  process 
of cancer: p reven tion  and cu re . Judging by cu rre n t ep idem io log ical 
evidence, th e re  i s  g re a t scope fo r  the  p reven tion  o f many can cers, as 
the  incidence of cancers i s  not co nstan t throughout the  world, nor even 
re la te d  to  race ; i t  seems th a t  th e  p a tte rn  of cancer occurrence i s  
defined by the  environment experienced by an in d iv id u a l:  in  o th e r words 
by occupation, e a tin g , d rink ing  and so c ia l h a b its , s o c ia l p re ssu re s  and 
even the  a i r  breathed and chem icals which th e  in d iv id u a l comes in to  
con tac t w ith [6 ] . That cancer incidence i s  determ ined by e x tr in s ic  
fa c to rs  to  a la rg e  e x ten t i s  b est shown by th i s  inc idence  in  a few 
g en era tions of m igrant people. These include Ind ians who went to  l iv e  
in  South A frica , lo s in g  th e i r  high ra te  of o ra l cancer development, 
Japanese in  Hawaii, lo s in g  th e i r  high ra te  of stomach cancer incidence 
and B rito n s  who s e t t le d  in  F i j i ,  gain ing  a high ra te  o f sk in  cancer 
[5 ] . Not only do m igrant popu la tions lo se  the  p a tte rn  of cancer 
incidence of t h e i r  n a tiv e  land , they a lso  gain  a p a tte rn  which i s  c lo se
-  6  -
to  the  n a tiv e s  of t h e i r  new homeland. This i s  shown by th e  death  r a te s  
of Japanese people em igrating  to  C a lifo rn ia : in  a study comparing death 
r a te s  of 4 cancers w ith  those  of C a lifo rn ian  w hite people i t  was found 
th a t  immigrants had death  r a te s  more s im ila r  to  those  in  Japan than  to  
th e  C a lifo rn ian s  fo r  th e  cancers s tu d ied  -  stomach, l i v e r ,  colon and 
p ro s ta te  cancers -  but t h e i r  sons approach th e  le v e ls  of th e  w hites  fo r  
th ese  cancers [? ] . As th e  im m igrants and ch ild re n  tended to  marry 
w ith in  th e i r  own r a c ia l  group, i t  i s  f a i r  to  argue th a t  i t  i s  th e  
changed environment which has a ffe c te d  them. Also, because th e  death  
ra te s  of th e  sons of th e  im m igrants a re  not id e n tic a l  to  those of th e  
indigenous popu la tion , i t  i s  obvious th a t  some fa c to rs  such as d ie t  and 
s o c ia l  h a b its ,  which p e r s is t  in to  t h i s  generation  must play a p a rt in  
the  cau sa tio n  of cancer too .
As groups of d i f f e r e n t  c u ltu re  o r d if f e r e n t  lo c a tio n  in  th e  world 
s u f fe r  from d if f e r e n t  r a t io s  of cancers, i t  i s  f a i r  to  say th a t  
ep idem iological research  w il l  provide g u id e lin es  fo r  l iv in g  which w il l  
help  prevent cancer occurrence in  a la rg e  number of cases. Indeed, 
some g u id e lin e s  have a lready  been published [8 ],
U nfortunate ly , due to  th e  v ag aries  and perverseness of human 
n a tu re , a s tatem ent adv ising  a g a in s t c e r ta in  p ra c t is e s  -  even by th e  
government of a country -  i s  no t enough to  prevent everybody from 
indulg ing  in  those p ra c tis e s  known or suspected to  give r i s e  to  
cancer. Therefore p rev en ta tiv e  measures of th i s  kind a re  ju s t  not 
enough. There must a lso  be some c u ra tiv e  procedure a lso .
The id e a l trea tm en t fo r  any type of cancer would be an agent which 
s e le c tiv e ly  removes only th e  n e o p la s tic  c e l l s ,  leav in g  the  normal ones 
un a ffec ted . U nfo rtunate ly , such an e n t i ty  does not e x is t  a t  p re se n t. 
This i s  because th e  s e le c t iv i ty  of such a drug i s  not ach ievab le  based
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on the  c u rren t knowledge of th e  s tru c tu re  of n e o p la s tic  c e l l s :  e le c tro n  
microscopy has revealed  th a t  th e re  i s  g en era lly  l i t t l e  d iffe re n c e  
between healthy  and n e o p la s tic  c e l l s ,  e sp e c ia lly  in  the  c e l lu la r  
s tru c tu re s  ccanmon to  a l l  c e l l  types [9 ] . S tru c tu re s  which do change, 
such as th e  nucleus, which i s  o fte n  much la rg e r  and has an uneven 
o u tlin e , do not c o n s is te n tly  e x h ib it  th ese  a l te r a t io n s ;  indeed , some 
tumours can c o n s is t of c e l l s  w ith  normally s tru c tu re d  n u c le i and o th e rs  
w ith  a lte re d  n u c le i and y e t th ese  have o r ig in a te d  from a s in g le  
o r ig in a l  paren t c e l l ,  assuming th a t  th e  theory o f m onoclonality i s  
c o rre c t [10 ]. In p r in c ip le , su rgery  can be used to  remove th e  
transform ed c e l l s ,  but th e  problem w ith th i s  i s  th a t  th e re  a re  very few 
cancers which a re  d e te c ta b le  e a r ly  enough to  guarantee  th a t  the  surgeon 
has e rad ica ted  every c e l l  b e fo re  m e ta s ta s is  can occur.
Thus, the  im plem entation o f an e f fe c t iv e , r e l ia b le  system ic
chemical trea tm ent i s  not p o ssib le  a t  the  moment. N evertheless, th e re  
a re  chem otherapeutic agen ts in  use in  th e  trea tm en t o f cancer. These 
a re  u n iv e rsa lly  c y to to x ic , as they in te r f e r e  w ith DNA, RNA o r p ro te in  
sy n th es is . They tend to  have th e i r  g re a te s t  success a g a in s t 
fast-g row ing  n e o p la s tic  t i s s u e s  such as sk in  cancers and c e r ta in  
leukaem ias; in  f a c t  the  converse i s  a lso  t ru e ;  slow-growing tumours, 
such as some pulmonary and g a s t r ic  cancers do not respond very w ell to  
these  drugs [11]. This i s  b a s ic a lly  because a high tu rnover of c e l l  
d iv is io n  g ives th e  drug a b e t te r  chance of k i l l in g  a h igher p ropo rtion  
of c e l l s .  This i s  an im portan t p o in t in  cancer trea tm en t: to  be 
e f fe c t iv e  a trea tm en t must d ispense w ith a l l  th e  n e o p la s tic  c e l l s ,  
s ince even one c e l l  can continue m u ltip ly in g  to  give a new neoplasm.
Thus, the  dose of a chem otherapeutic agent used must be c a re fu lly
balanced to  t ry  to  k i l l  a l l  th e  n eo p la s tic  t is s u e  w ithout causing too 
g re a t a s id e -e f fe c t  problem from th e  d ep le tio n  of normal, healthy  
t is s u e s .
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There a re  th re e  main ways of adm in istering  chemotherapy to  a 
p a tie n t in  use nowadays [12 ]. These a re  ad juvant chemotherapy, in  
which the  drug i s  used in  com bination w ith  some o th e r techn ique, such 
as surgery or rad io th e rap y , to  mop up the  rem aining n e o p la s tic  c e l l s ,  
in te rm it te n t ,  h igh-dose chemotherapy, in  which drugs a re  given in  high 
dosages fo r  sh o rt p e rio d s , sep ara ted  by recovery p e rio d s , and 
com bination chemotherapy, in  which c o c k ta ils  of more than  one drug a re
used sim ultaneously  in  th e  hope th a t  the  e f f e c t  w i l l  be s y n e rg is t ic .
The o ld e r technique of continuous, low-dose chemotherapy has been 
alm ost d iscarded  in  favour of th e  in te rm it te n t  method.
Perhaps th e  b e s t method, i f  a t  a l l  p o ss ib le , i s  adjuvant 
chemotherapy [13 ], as i t  has been shown th a t  chem otherapy's success 
bears  an in v erse  r e la t io n  to  th e  number of v ia b le  n e o p la s tic  c e l l s  in  
th e  h o st [10 ,11 ]. T herefore , th e  removal of la rg e  q u a n t i t ie s  of th e
m alignant t i s s u e s  by surgery  o r rad io therapy  w il l  allow the
chem otherapeutic agen ts a b e t te r  chance o f d ea lin g  w ith  the  r e s t .
The s i tu a t io n  of cancer trea tm en t nowadays, w h ils t b e t te r  than  
ever be fo re , could not be termed s a t i s f a c to r y .  The drugs being 
u t i l i s e d  a t  th e  moment have been d iscovered  by se re n d ip ity , or by la rg e  
d e r iv a tiv e  screen ing  t e s t s  -  in  o th e r words, by pure ly  em pirica l 
means. Few have been designed to  a tta c k  a p a r t ic u la r  m etabolic  process 
or c h a r a c te r is t ic  of n e o p la s tic  t i s s u e .  Yet th i s  i s  obviously the  way 
forward : a c a re fu l c o n s id e ra tio n  of th e  problem a t  a chemical le v e l 
w ill  ev en tu a lly  lead  to  an e ff ic a c io u s  trea tm en t. The b asic  
biochem ical mechanisms involved both in  normal c e l l  d iv is io n  and in  
abnormal n e o p la s tic  c e l l  d iv is io n  must be understood. This i s  
u ltim a te ly  a g en e tic  problem, as successive  gen era tio n s  of tumour c e l l s  
r e ta in  a p ro l i f e r a t iv e  a b i l i t y ,  but the  g en e tic  mechanism i s  expressed
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d ire c t ly  through th e  c re a tio n  of polypeptide s t ru c tu re s :  p ro te in s . 
Although p ro te in s  have a g re a t many fu n c tio n s  in  th e  body, ranging from 
s t r u c tu r a l ,  such as membrane p ro te in s , to  c o n tro l, such as hormonal and 
re c e p to r  p ro te in s , t h e i r  main fu n c tio n  w ith re levance  to  cancer 
research  i s  th e i r  c a ta ly t ic  ro le  in  metabolism enzymes, A proper 
understanding of th e  o p e ra tio n  o f enzymes in  n e o p la s tic  c e l l  d iv is io n  
could lead  to  a trea tm en t a t  th e  ro o t le v e l of the  problem. This could 
be fu r th e r  re f in e d  to  an exam ination of a c tiv e  s i te - s u b s t r a te  
in te ra c t io n s  and u ltim a te ly  down to  the  e le c tro n ic  le v e l .  Thus, an 
understanding of b io lo g ic a l mechanisms a t  the  e le c tro n ic  le v e l ,  as 
f i r s t  proposed by Szent-G yorgyi [14], i s  needed.
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CHAPTER 2
ENZYME INHIBITORS
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2.1 Enzymes.
Enzymes a re  th e  p ro te in s  used by a l l  l iv in g  organisms to  c a ta ly se  
m etabolic  re a c tio n s . The a c tio n  of th ese  c a ta ly s ts  i s  s p e c if ic  to  
s in g le  su b s tra te s , o r to  very c lo se ly  re la te d  groups of m olecules. The 
p ro te in  p a rt of th e  enzyme i s  o fte n  in a c tiv e  u n le ss  some o th e r 
substance, such as a m etal atom, i s  p resen t in  th e  s tru c tu re . I f  th is  
c o -fa c to r  i s  o rgan ic  i t  i s  known as a co-enzyme, u n le ss  i t  i s  d i f f i c u l t  
to  sep a ra te  from the  p ro te in , w ithout causing damage, in  which case i t  
i s  a p ro s th e tic  group. The in a c tiv e  p ro te in  p a r t  i s  c a lle d  an 
apoenzyme and th e  complete u n it  i s  the  holoenzyme.
The a c tu a l working p a r t  of an enzyme i s  the  a c tiv e  s i t e .  This i s  
resp o n sib le  fo r  th e  chemical m anipulation which c h a ra c te r is e s  the  
enzyme's a c tio n ; to  f a c i l i t a t e  th i s  p rocess, th e re  a re  binding s i t e s  to  
which the  s u b s tra te  i s  a tta ch ed . These w ill  arrange the  s u b s tra te  in  a 
c e r ta in  way in  th e  a c tiv e  s i t e ,  so th a t  th e  re le v a n t p a r t of i t  can 
in te r a c t  w ith th e  c a ta ly t ic  s i t e s .  The a c tiv e  s i t e  i s  only a small 
p a r t of the  enzyme, u su a lly  s i te d  on or very near to  th e  su rfa ce , so 
th a t  access i s  a v a ila b le  to  p o ss ib le  su b s tra te s . The c o -fa c to rs  and 
amino acid  s ide  chains provide s tro n g  hydrophobic or hy d ro p h ilic  
a reas  -  m icroenvironm ents -  which have to ta l ly  d i f f e r e n t  e le c t r o s ta t i c  
p ro p e rtie s  from th e  r e s t  of th e  enzyme su rface , o r indeed th e  
surrounding c e l lu la r  s t ru c tu re s .  These m icroenvironments obviously 
allow the  req u ired  re a c tio n  to  proceed e a s i ly ,  by in flu en c in g  the  
e le c t r o s ta t ic  p ro p e r tie s  of th e  s u b s tra te s , by help ing  the  binding of 
the  s u b s tra te s  to  th e  enzyme and by s ta b i l i s in g  or d e - s ta b i l is in g  
v a rio u s  chemical bonds which a re  being formed or broken.
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At some stage  in  th e  o v e ra ll  p rocess th e  s t ru c tu re  of the 
s u b s tra te  and th a t  of the  a c tiv e  s i t e  a re  complementary. P a u lin g 's  
hypothesis  [153 i s  th a t  th i s  occurs a t  the  t r a n s i t io n  s t a t e  between the  
r e a c ta n ts  and p roducts , th u s  s ta b i l i s in g  the  form ation of t h i s ,  the  
most unfavourable s te p , e n e rg e tic a l ly , in  th e  re a c tio n . The b inding  of 
the  o r ig in a l  substance to  th e  a c tiv e  s i t e  must be f a i r l y  s tro n g , 
otherw ise th e  enzyme w il l  never in te r a c t  w ith anyth ing , whereas th e  
f in a l  binding of product and enzyme w il l  be weak, n o n -e x is te n t, o r even 
rep u ls iv e  as th e  enzyme re tu rn s  to  a recep tiv e  mode fo r  s u b s tra te .
2 .2  Enzyme In h ib i to r s
In h ib i to rs  of enzymes a re  substances which decrease th e  r a te  of 
the  enzym e-controlled re a c tio n . There a re  two main ty p es: th e  
re v e rs ib le  and th e  i r r e v e r s ib le  in h ib i to r s .  The f i r s t  group can be 
removed by d ia ly s is ,  o r sometimes by d ilu t io n , but th e  i r r e v e r s ib le  
ones cannot.
I r r e v e r s ib le  in h ib i to r s  bind i r r e v e r s ib ly  to  th e  a c tiv e  s i t e ,  
o ften  by covalen t bonding. This produces an in a c tiv a te d  
enzym e-inh ib ito r complex, which can no longer fu n c tio n  p ro p erly . The 
in h ib i to r  may prevent th e  s u b s tra te  from binding to  th e  s i t e  i t s e l f ,  o r 
i t  may destroy  p a r t  of th e  a c tiv e  s i t e ,  thus in a c t iv a t in g  th e  enzyme.
R eversib le  in h ib i to r s  a re  d iv ided  fu r th e r  in to  d if f e r e n t  
c a te g o rie s . These a re  com petitive , uncom petitive and non-com petitive. 
They a re  d is tin g u ish ed  by th e i r  mode of in h ib i t io n :  a l l  of them bind 
re v e rs ib ly  to  the  enzyme, forming an equ ilib rium  system of some kind.
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which can be s tu d ied  k in e t ic a l ly ,  whereas th e  i r r e v e r s ib le  in h ib i to r s  
can in c rease  in  in h ib i to ry  power w ith tim e.
A com petitive in h ib i to r  e i th e r  binds to  th e  same s i t e  as the  
s u b s tr a te ,  o r binds to  a d if f e r e n t  s i t e ,  but a l t e r s  th e  enzyme in  some 
way -  g e n e ra lly  in  conform ation -  so th a t  the  su b s tra te  cannot bind to  
the  a c tiv e  s i t e .  The inh ib ito r-enzym e bonding must be severed before  
th e  enzyme can a c t on i t s  s u b s tra te .  An example of th is  i s  the  binding 
of indo le  to  chym otrypsin, which in h ib i t s  the  h y d ro ly s is  of tryp tophan  
d e r iv a tiv e s  [16]. The e f f e c t  of the  in h ib i to r  w il l  depend on i t s  
co n cen tra tio n  and th a t  of th e  s u b s tr a te ,  as w ell as th e  a f f i n i t i e s  of 
them fo r  th e  a c tiv e  s i t e .  The Lineweaver-Burk p lo t fo r  com petitive  
in h ib i t io n  has a l l  th e  l in e s  converging a t  the  o rd in a te  in te rc e p t  a t  
1/Vmax. The Lineweaver-Burk p lo t [17] i s  a convenient way of examining 
the  type of in h ib i t io n  a f fe c t in g  an enzyme. I t  i s  a p lo t of 1/v 
ag a in s t 1 /s , where v i s  the  i n i t i a l  v e lo c ity  of the  re a c tio n  and s i s  
th e  s u b s tra te  co n ce n tra tio n . This i s  a s t r a ig h t  l in e  w ith an in te rc e p t  
on th e  o rd in a te  of 1/V where V i s  the  maximum v e lo c ity  achievedIQâX inâX
when th e  enzyme i s  s a tu ra te d  w ith  s u b s tra te  and an in te rc e p t  on the
ab sc issa  o f -1/K where K i s  th e  M ichaelis-M enten co n stan t [18 ]. m m
An uncom petitive in h ib i to r  w il l  only bind to  the  enzym e-substrate 
complex. I t  thus does not compete w ith the  i n i t i a l  s u b s tra te  in  any 
way, but s tops the  p roducts from being formed. This i s  q u ite  uncommon 
in  s in g le -s u b s tra te  enzyme k in e t ic s  -  an example i s  L -phenylalan ine 
in h ib i t in g  a lk a l in e  phosphatase [19] -  bu t in  tw o -su b stra te  enzyme 
k in e tic s  uncom petitive in h ib i t io n  behaviour can be seen i f  th e re  i s  no 
re v e rs ib le  l in k  between th e  in h ib i to r  and the  v a r ia b le  s u b s tra te . That 
i s ,  i f  the  in h ib i to r  i s  a c tiv e  on th e  enzyme a f t e r  both A and B have 
bound to  the  enzyme ( in  th a t  o rd e r) , then the  in h ib i to r  w il l  e x h ib it 
uncom petitive in h ib i t io n  to  A. The Lineweaver-Burk p lo t fo r  th i s  type
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o f in h ib i t io n  has p a r a l le l  l in e s ,  w ith  la rg e r  v a lues of the  o rd in a te  
in te rc e p t  fo r  la rg e r  in h ib i to r  c o n cen tra tio n s .
The l a s t  category i s  th a t  o f th e  non-com petitive in h ib i to r .  This
produces an in a c tiv e  complex i r r e s p e c t iv e  of whether o r not the
su b s tra te  i s  bound. T herefore , i t  cannot be binding to  the  same s i t e
as the  s u b s tra te ,  which i s  s t i l l  f r e e  to  jo in  to  th e  a c tiv e  c e n tre .
The enzyme i s  unable to  p rocess th e  s u b s tra te  when the  in h ib i to r  i s  
bound, though. The Lineweaver-Burk p lo t fo r  t h i s  has a convergent 
in te rc e p t  on th e  a b sc is sa  a t  -l/K^^ as i s  unchanged by such an 
in h ib i to r .  Chymotrypsin, which co n ta in s  a proton accep to r in  i t s  
a c tiv e  s i t e  can be in h ib ite d  by decreasing  the  pH [20]; th i s  i s  an 
example of the  proton a c tin g  as a non-com petitive in h ib i to r ,  a lthough 
la rg e  changes of pH w il l  change enzyme a c t iv i ty  fo r  o th e r reasons, such 
as th e  d is ru p tio n  of t e r t i a r y  s tru c tu re  by io n is a tio n  of amino acid  
s id e -ch a in s . Large d iv e rs io n s  of pH from the  enzyme’s usual 
environm ental pH can denature i t  t o t a l ly  and i r r e v e r s ib ly .
Another type of enzyme in h ib i t io n  i s  a l lo s te r i c  in h ib i t io n .  This 
i s  very common in  o rd inary  m etabolism . I t  i s  th e  b a s is  of feedback 
mechanisms: an e f f ic ie n t  u t i l i s a t i o n  of resou rces and energy i s  
achieved i f  th e  product of a m etabolic  pathway i s  a lso  an in h ib i to r  of 
one o f the  i n i t i a l  enzymes in  th e  system. This p reven ts the  bu ild -up  
of unnecessary in te rm ed ia te s  and p roducts. I t  would be d i f f i c u l t  fo r  a 
product, which can be very d i f f e r e n t  from the  s ta r t in g  m a te r ia ls , to  
com petitive ly  in h ib i t  th e  f i r s t  enzyme in  a pathway by binding to  the 
a c tiv e  s i t e .  This problem i s  reso lved  by having a second binding s i t e  
on the  enzyme w ith which th e  substance can in te r a c t .  The r e s u l ta n t  
enzym e-inh ib ito r complex occurs w ith a change in  conform ation, 
d isa b lin g  the a c tiv e  s i t e  p ro p e r tie s .
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The standard  way to  s ta t e  an in h ib i to r ’s e f f e c t  i s  as an I ^ q 
v a lu e . % is  i s  th e  co n cen tra tio n  o f th e  in h ib i to r  needed to  in h ib i t  
h a l f  of th e  enzyme a c t iv i ty ;  obv iously , th e  sm aller th e  co n cen tra tio n , 
th e  more powerful th e  in h ib i to r  i s .
2.3 Enzyme Inhibi t i n g.. an.d._canc.er
The growth and spread of a tumour i s  in e x tr ic a b ly  linked  to  th e  
enzyme systems used in  normal c e l lu la r  growth. Thus, enzyme in h ib i to r s  
can have im portant ro le s  to  play in  the  co n tro l o f cancerous growth. 
Some c a rc in o s ta t ic  agen ts have been found to  in h ib i t  c e r ta in  enzymes, 
and v a rio u s  enzyme in h ib i to r s  a re  known to  h inder tumour development.
An example of an titum our agents which a re  enzyme in h ib i to r s  a re  a 
s e r ie s  of m olecules re la te d  to  dopamine, rep o rted  by F itzG erald  and 
Wick [21], These a re  dihydroxy d e r iv a tiv e s  of dopamine and levodopa 
and a re  a c tiv e  a g a in s t r ib o n u c leo tid e  red u c tase . This enzyme i s  
involved in  the  sy n th es is  of deoxynucleoside tr ip h o sp h a te s , which a re  
needed fo r  DNA sy n th es is  and i s  th e re fo re  a good ta rg e t  enzyme fo r  
co n tro l of c e l l  d iv is io n .
Another ta rg e t  enzyme, which has engendered a g re a t deal of 
in t e r e s t ,  i s  o rn ith in e  decarboxylase (ODC), which i s  th e  r a te - l im i t in g  
enzyme in  th e  polyamine b io sy n th e tic  pathway. There seems to  be a high 
le v e l of ODC a c t iv i ty  induced during  th e  promotion of tumour growth in  
mouse sk in , and th e  a c t iv i ty  c o r r e la te s  w ith th e  tumour-promoting 
a c t iv i ty  of v a rio u s  phorbol e s te r s  [22 ,23]. An i r r e v e r s ib le  in h ib i to r  
of th i s  enzyme has been rep o rted : i t  i s  (2R ,5R )-6-heptyne-2,5-diam ine
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hydroch loride [2 4 ,2 5 ].
fs [«2
HgN-CH-CHg-CHg-CH-CsCH 
6-heptyne-2 ,5-d iam ine
This was found to  prolong th e  su rv iv a l o f mice w ith c e r ta in  
leukaem ias and lung carcinoma, e sp e c ia lly  i f  used in  com bination w ith  
o th e r an ti-tum our ag en ts . I t  was ten  tim es as po ten t as th e  p rev iously  
reported  in h ib i to r ,  D L-e6-difluorom ethylornithine [26].
CHF^IH_N-CH,-CH.-CH_-C-COOHd. d C. d ^
NHg
d iflu o ro m eth y lo rn ith in e
Development of p ro tease  in h ib i to r s  was s tim u la ted  by the  
announcement th a t  a p ro tease  appeared in  mouse sk in  when 
1 2 -0 -te trad ecan o y lp h o rb o l-1 3 -ace ta te  (TPA) and cro ton  o i l  were app lied  
to  i t  [27]. P ro teases a re  enzymes capable of breaking pep tide  bonds 
[28]. They a re  re sp o n sib le  fo r  d ig e s tio n  of p ro te in s  in  the  gut and 
fo r  the  degradation  of p ro te in s  in  th e  body, to  balance th e  sy n th es is  
of new p ro te in s , m ain tain ing  th e  req u ired  co n cen tra tio n s . P ro tease  
in h ib i to r s  were found to  be good in h ib i to r s  of cro ton  o i l  and TPA 
promotion [27 ,29]. Also, the  in h ib i to r  leu p ep tin  was found to  in h ib i t  
o th e r colon, oesophageal and mammary tumours in  r a t s  [30], These types 
of in h ib i to r s  can suppress m alignant tran sfo rm atio n  in  v i t r o  [31 ,32],
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p a r t ic u la r ly  th e  prom otional s tag e  of the  cancer p rocess. R ecently , 
some of th e se  in h ib i to r s  have been found to  in h ib i t
poly(ADP-ribose)polym erase, too  [333. This i s  re le v a n t to  th e  study of 
carc inogenesis  because in h ib i to r s  of th i s  enzyme can r e s t r i c t  th e  
m alignant tran sfo rm a tio n  of c e l l s  in  both rod en ts  and humans.
Poly(ADP-ribose)polymerase i s  th e  enzyme re sp o n sib le  fo r  making th e  
polymer poly(ADP)ribose. The ro le  of th is  substance in  the  c e l l  i s  not 
c le a r ,  but i t  has been a sso c ia te d  w ith re g u la tio n  of DNA sy n th e s is , RNA 
sy n th e s is , c e l l  tran sfo rm atio n  and c e l l  r e p a ir  mechanisms [34].
In h ib i to rs  of p ro s tag lan d in  sy n th es is  a f f e c t  tumour promotion, th e  
b e s t examples being antiinflam m atory  s te ro id s  and dibromoacetophenone, 
both of which a c t on the  phospholip idase Ag enzyme, reducing th e  
re le a s e  of a rach idon ic  ac id  [35]. This enzyme i s  near th e  s t a r t  o f th e  
arach idonic  acid  pathway, so th e  p roduction  of a l l  end products i s  
suppressed . This i s  obviously more e f f ic ie n t  then  stopping th e  pathway 
fu r th e r  on, but more su b tle  co n tro l can maybe be gained by in h ib it in g  
s e le c t iv e ly  the  lipoxygenase and cyclooxygenase branches of th i s  
m etabolic ro u te . For in s ta n c e , some cyclooxygenase in h ib i to r s  have 
been shown to  both promote and r e s t r i c t  ca rc in o g en esis , depending on 
th e  dose used [36]. F isch e r , M ills  and Slaga [37] in v e s tig a te d  the  
e f fe c ts  of in h ib i to r s  of both lipoxygenase and cyclooxygenase pathways 
and concluded th a t  co n tro l of promotion could be achieved by blocking 
e i th e r  the  phospholip idase A  ^ s tag e  of the  pathway, as mentioned above, 
o r both th e  lipoxygenase and cyclooxygenase ones w ith  ap p ro p ria te  
in h ib i to r s .  The in d u c tio n  of ODC by TPA i s  a lso  lin k ed  to  lipoxygenase 
and cyclooxygenase: in h ib i to r s  of th ese  enzymes hamper th i s  in duc tion  
in  mouse sk in , suggesting  th a t  some products of a rach idon ic  acid  
metabolism a re  e s s e n t ia l  fo r  tumour promotion by TPA. However, the  
pathway i s  not im portan t fo r  ODC induction  by iso p ro te re n o l, which i s  
be lieved  to  involve a c y c lic  AMP-mediated ro u te  [38].




iso p ro te re n o l
Another w e ll-s tu d ie d  aspec t of cancer research  re le v a n t to  enzyme 
in h ib i to r s  i s  th a t  of th e  mutagenic and carcinogen ic  m e tab o lite s  of 
po ly cy clic  hydrocarbons [39]. The enzyme system which p lays a major 
ro le  in  m etabo lising  them i s  the  raixed-function oxidase system, which 
converts  the  hydrocarbons in to  epoxy- and hyd ro x y -d eriv a tiv es . These 
d e r iv a tiv e s  may be m etabolised  fu r th e r  by epoxide hydro lase  to  give 
hyd rod io ls, o r by U D P-glucuronyItransferases to  give g lucuron ides in  
com bination w ith  g lucuron ic  a c id . Some can be acted  upon by c y to so lic  
enzymes, such as su lp h o tra n sfe ra se s  and g lu ta th io n e -S - tra n s fe ra s e s .
The general m etabolic  f a te  of th e se  hydrocarbons i s  to  be converted 
in to  an ion ic  sp ec ie s , which a re  more w a ter-so lu b le  and more e a s ily  
excre ted , but a c tiv a te d  m e tab o lite s  lead  to  the  a lk y la tio n  of genomic 
DNA.
The po lycyclic  hydrocarbons a re  very s e n s i t iv e  to  changes in  
metabolism : For in s ta n c e , i t  has been found th a t  7 ,8-benzoflavone 
enhances tumour i n i t i a t i o n  by d ibenz[a ,h ]an th racen e  in  mouse sk in , but 
in h ib i ts  tumour form ation by 7 , 12-dim ethylbenz[a]anthracene in  the  same 
medium [40 ,41]. Thus, in h ib i to r s  of vario u s  enzymes on the  m etabolic 
ro u te  can shed l i g h t  on the  mechanisms involved and can o f fe r  the  
p o te n tia l  of su b tle  co n tro l of th i s  type of carc in o g en esis .
— 1 9 "
Ire lan d  e t  a l .  have s tu d ied  th e  re p a ir  p rocess which removes 
benzo[a]pyrene adducts from DNA [42]. They used sev e ra l in h ib i to r s  of 
DNA topoisom erase, DNA polym erase, r ib o n u c leo tid e  red u c tase  and 
poly(A D P-ribose)synthetase , which a re  a l l  thought to  play a p a r t in  th e  
e x c is io n  of UV-induced le s io n s  in  DNA. I t  was concluded th a t  
benzo[a]pyrene-DNA adducts a re  removed by a r e p a ir  process invo lv ing  
topoisom erase, a s  in h ib i t io n  of th i s  enzyme led  to  a much lower r a te  o f 
rem oval.
The p a r t ic u la r  enzyme which we are  in te re s te d  in  i s  g lyoxalase  I .  
This has been lin k ed  w ith cancer re sea rch  sin ce  Szent-Gyorgyi proposed 
i t  as a promoter of c e l l  growth, in  antagonism w ith i t s  s u b s tra te , 
m ethylglyoxal, which was th e  re ta rd in g  agent [14]. I f  t h i s  enzyme does 
help  to  m ain tain  th e  u n re s tra in ed  c e l l  d iv is io n  which i s  a 
c h a r a c te r is t ic  of n e o p la s tic  t i s s u e s ,  then  i t  would be o f some use to  
be ab le  to  in h ib i t  i t .  This i s  one of the  reasons why in h ib i to r s  of 
the  enzyme a re  being sought. Another reason i s  th a t  some of th e  
in h ib i to r s  have been found to  r e s t r i c t  the  growth of c e r ta in  c e l l  l in e s  
in  v i t r o , so i t  i s  hoped th a t  more powerful in h ib i to r s  of th i s  enzyme 
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This chap ter i s  a c o n tin u a tio n  of the theme of the  l a s t  ch ap te r, 
but i s  about one p a r t ic u la r  enzyme, g lyoxalase  I ,  I t  d ea ls  w ith  i t s  
s t ru c tu re , p ro p e r tie s  and mechanism and a lso  w ith th e  in h ib i to r s  of 
t h i s  enzyme. These in h ib i to r s  have been im plica ted  as p o ssib le  ta rg e t  
m olecules in  the  design of c a rc in o s ta t ic  agen ts, as  some of the  f i r s t  
in h ib i to r s  d iscovered  were found to  have th i s  p ro p erty .
There a re  two o th e r reasons why th is  enzyme i s  lin k ed  w ith cancer 
re sea rc h : i t  has been suggested th a t  the  enzyme system may play a ro le  
in  c e l l  d iv is io n  processes [43,44] o r, more sim ply, th a t  i t  i s  a 
d e to x ify in g  system, which d estro y s  c e r ta in  u se fu l chem otherapeutic 
agen ts , which have a s tru c tu re  s im ila r  to  i t s  s u b s tra te s , th e  g lyoxals 
[45].
There have been four review a r t i c l e s  w r it te n  on th i s  enzyme 
[46-49], the  most re c e n t one being an ex ce lle n t account by Douglas 
[49].
3.1 The fu n c tio n  o f  g lyoxalase
The g lyoxalase  system c o n s is ts  of two enzymes: g lyoxalase  I  
(S -la c to y lg lu ta th io n e  ly a se , EC 4 .4 ,1 .5 )  and g lyoxalase  I I  
(hydroxyacy lg lu ta th ione hydro lase, EC 3 .1 .2 .6 ) ,  The fu n c tio n  of the  
system is  f a i r l y  w ell c h a ra c te r is e d : g lyoxalase  I  a c ts  on a 
hem ith io ace ta l, which i s  formed by the  re a c tio n  o f g lu ta th io n e  and 
m ethylglyoxal, or ano ther 2-oxoaldehyde. The enzyme produces 
S - la c to y lg lu ta th io n e  ( in  th e  case of m ethylg lyoxal), which i s  converted
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to  D -lao tic  acid  by g lyoxalase  I I :
0. 0 0 OHI I I I  W ICHg-C-CH + GSH ^  CHg-C-C-SG
H
0 OH HO 0I I  I qiy.l I I ICHg-C-C-SG — CHg-C-C-SG
HO 0 HO 0I I I  C l y K  I 1CH -Ç-C-8G —^  CH -C-C-OH + GSHJ I d I
H H
The g lyoxalase  system was d iscovered in  1913, independently , by 
Dakin and Dudley [50] and by Neuberg [51]. I t  i s  found in  a l l  c e l l  
types in  the  body, and in  a l l  sp e c ie s , from microbes to  man. However, 
i t s  p h y sio lo g ica l s ig n if ic a n c e  i s  f a r  from c le a r .  V arious fu n c tio n s  
have been assigned to  i t  in  th e  p a s t:  G ille sp ie  [52,53] has proposed i t  
as an agent in  m icrotubule assembly and anti-(im m unoglobin E)-induced 
h istam ine re le a s e ;  Aronsson and Mannervik [45] have suggested th a t  i t  
p lays a d e to x if ic a tio n  rô le , p ro te c tin g  the body from in te s t in a l  
b a c te r ia  (though why th e  b a c te r ia  them selves should con tain  the enzyme 
i s  not e x p la in ed !) ; o th e rs  have put forward uses fo r  g lyoxalase  in  the  
degradation  of g ly c in e  and th reon ine  [54] and in  the  heme b io sy n th e tic  
pathway [55]. Vince and Wadd [43] proposed th a t  g lyoxalase  p lays a
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p a rt in  c o n tro llin g  c e l l  d iv is io n , by re g u la tin g  th e  amount of 
m ethylglyoxal p re sen t. At roughly the  same tim e, Szent-Gyorgyi 
propounded a s im ila r  id ea , and he has w r it te n  v a rio u s  a r t i c l e s  and 
books [14 ,44 ,56 ,57] expounding a r a th e r  o r ig in a l theory  in  which 
m ethylglyoxal i s  a growth re g u la to r  in  antagonism w ith  g lu ta th io n e , 
through th e  medium of g ly o x a lase . This i s  lin k ed  to  cancer and 
carc in o g en esis  by h is  co n ten tio n  th a t  normal c e l l s  a re  in  a h igher,
^ s t a t e  than  cancerous c e l l s ;  th ese  tumour c e l l s  e x is t  in  th e  h igh ly  
p ro l i f e r a t iv e  cC s ta t e ,  l in k in g  them w ith p rim itiv e  l i f e  forms, which 
d id  l i t t l e  e lse  but m u ltip ly  and su rv iv e . These th e o r ie s  have prompted 
a la rg e  body of work on g lyoxalase  I  and i t s  in h ib i to r s ,  e sp e c ia lly  as 
th e  in h ib i to r s  o ften  have c a rc in o s ta t ic  p ro p e r tie s , though why the  
in h ib i to r s  have th i s  power i s  not a t  a l l  c le a r .  The reason th a t  the  
m ajo rity  of the  work i s  c a r r ie d  out on the  g lyoxalase  I  p a rt of th e  
system i s  th a t  th e  p roducts of th i s  f i r s t  enzyme a re  g en era lly  harm less 
to  the  c e l l :  the  g lyoxalase  I  re a c tio n  i s  the  im portan t s tep  in  the  
d e to x if ic a t io n  p rocess, proceeding a t  a rap id  pace; the  subsequent 
h y d ro ly s is  i s  c a rr ie d  out in  a much more le is u re ly  manner by g lyoxalase  
I I .
3.2  P ro p e r tie s  of G lvoxalase I
The g lyoxalase  system occurs in  the  h ig h est mammals and in  
organisms as simple as y e a s t and b a c te r ia . The g lyoxalase  I  enzyme 
i t s e l f  e x is ts  in  d if f e r e n t  forms: th e  mammalian enzymes have two 
su b u n its , whereas th e  y eas t and bacterium  v e rs io n s  have only one. 
Marmstal e t a l ,  have compared the  mammalian enzyme to  one p u rif ie d  
from y east and have found s ig n if ic a n t  d iffe re n c e s  [58]. The m icrob ia l 
enzyme has a m olecular weight of about 32,000 atom ic u n its  and the
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mammalian one has a m olecular w eight of 46,000. I t  seems th a t ,  w h ils t 
the  m icrob ia l g lyoxalase  I  i s  sp h e r ic a l , the  mammalian ones a re  
e longated in  shape. This would exp la in  the  noted d iffe re n c e s  in  
c a lc u la te d  w eights fo r  enzymes from vario u s  mammalian sources, 
determ ined by d i f f e r e n t  p h y sica l methods.
The chemical s tru c tu re  of th ese  two enzymes d i f f e r ,  too ; a p a rt 
from the  presence of two sub u n its  per enzyme in  mammals, th e re  i s  a 
g re a t v a r ia tio n  in  p ro p o rtio n s  of amino ac id s , as the  i s o e le c t r ic  p o in t 
o f the  mammalian g lyoxalase  I  i s  a t  a pH of 4 .8 , whereas th a t  of y eas t 
i s  a t  a pH of 7 .0 . The mammalian enzymes from d i s t in c t  o r ig in s  ( r a t ,  
pig and human) have s l ig h t ly  d if f e r e n t  numbers of amino ac id s , bu t are  
a l l  very d if f e r e n t  from th e  y eas t enzyme. I t  seems th a t  the  mammalian 
enzymes have a common evo lu tionary  o rig in , but th a t  th e  m icrob ia l one 
has evolved sep a ra te ly  to  do the  same ta sk . N otw ithstanding th e se  
d iffe re n c e s , the  two enzymes have s im ila r  v a lues and s u b s tra te
s p e c i f i c i t i e s  and mechanisms. This suggests th a t  the  a c tiv e  cen tre  and 
b asic  c a ta ly t ic  mechanism a re  id e n t ic a l  -  or very s im ila r  -  fo r  th ese  
two types, even though they evolved s e p a ra te ly . There i s  some 
c o n f lic tin g  evidence on th i s  p o in t, however, as the  y e as t enzyme i s  
su sc e p tib le  to  th io l-b lo c k in g  reag en ts  [59], which do not a f f e c t  th e  
mammalian v e rs io n . Whether th i s  i s  due to  some variance  in  the 
re a c tiv e  s i t e  of th e  m icrob ia l p ro te in , or ju s t  to  the  surrounding 
s tru c tu re , which a f f e c ts  th e  c a ta ly t ic  p ro p e rtie s  in  an a l lo s te r ic - ty p e  
in te ra c t io n , has not been re so lv ed .
The human enzyme can e x is t  in  th re e  isoenzymic forms; th ese  have 
been c a lled  and as i t  has been suggested th a t  they a r is e
from the  jo in in g  to g e th e r of two s l ig h t ly  d if f e r e n t  su b u n its  [45].
This could exp la in  th e  r a th e r  con to rted  k in e tic s  da ta  which have been 
rep o rted  in  th e  p a s t [59-61]; The a c tiv e  s i t e s  on d if f e r e n t  subun its
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could a c t in  a coopera tive  manner, g iv ing  a non-M ichaelian r a te  
equation  and n o n -lin ea r in h ib i t io n  by g lu ta th io n e .
2+Glyoxalase I  was o r ig in a l ly  thought to  be a Mg -dependent enzyme
[ 62 ], but i t  became obvious th a t  th e  m etal ion  involved was, in  f a c t ,
2+Zn [63 ] . The apoenzyme i s  in a c t iv e  in  both y e as t and mammalian 
g lyoxalase  I ,  but u n lik e  th e  y eas t v e rs io n , the  mammalian enzyme can be 
re -a c t iv a te d  by about a te n - fo ld  excess of not only Zn^*, but a lso  
Mn^^, Mg^ ”** and Co^* [64]. The re a c tiv a te d  enzymes were found to  have 
e s s e n t ia l ly  th e  same value fo r  th e  c a ta ly s is  of m ethylglyoxal as th e  
n a tiv e  eixayrae. However, th e  in h ib i t io n  co n stan ts  of the  o th er 
m e ta llo -su b s ti tu te d  enzymes in c reased  r e la t iv e  to  z in c -g ly o x a lase  I ,  
which had th e  same in h ib i to r  co n stan t as the  n a tiv e  one, showing th a t  
z inc  i s  indeed the  m etal p resen t in  g lyoxalase  I .  I t  was concluded 
th a t  the  z inc  must be s i tu a te d  somewhere in  the a c tiv e  s i t e ,  s in ce  i t  
was necessary  fo r  c a ta ly t ic  a c t i v i ty .
In  th e  same a r t i c l e ,  Aronsson e t  a l .  in v e s tig a te d  the  presence of 
tryptophan re s id u es  in  th e  enzyme, by means of flu o rescen ce  
spectroscopy and th e  tryptophan-m odifying reagen t,
2 -hydroxy-5-n itrobenzyl bromide. They found th a t  th e re  were two 
tryptophan re s id u es  per molecule th a t  could be sh ie ld ed  from th is  
reagen t by S-p-brom obenzylglutathione -  a good in h ib i to r  of th e  
c a ta ly t ic  p rocess. This im plied th a t  th e re  was one tryptophan res id u e  
p resen t a t  the a c tiv e  s i t e  of th e  enzyme, since  g lyoxalase  I  c o n s is ts  
of two almost id e n tic a l  su b u n its , each possessing  an a c tiv e  s i t e .
The same group has a lso  in v e s tig a te d  the e f f e c t  of su lfh y d ry l and 
amino group reag en ts  on g lyoxalase  I  [65 ,66]. W hilst y eas t g lyoxalase  
I  i s  in a c tiv a te d  by v a rio u s  su lfh y d ry l reag en ts , in c lu d in g  
m ercaptide-form ing, a lk y la tin g  and o x id is in g  reag en ts , g lyoxalase  I
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derived  from porcine e ry th ro c y te s  was u n affec ted , except by m ercuric 
c h lo rid e  and p-m ercuribenzoate. (These reag en ts  do a f f e c t  th e  re a c tio n  
by destro y in g  g lu ta th io n e , however). Both enzymes reac ted  in  a s im ila r  
manner to  amino group re a g en ts : a c e t ic  anhydride and pyridoxal f a i le d  
to  im pair th e  c a ta ly s is  but dansyl ch lo rid e ,
1 -f lu o ro -2 ,4 -d in itro b e n ze n e  and 2 ,4 ,6 - tr in itro b e n z e n e  su lphonate were 
e f f e c t iv e .  I t  was e s ta b lish e d  th a t  these  reag en ts  were not a c tin g  a t  
the  same p lace as the  su lfh y d ry l ones, by looking a t  the e f f e c t  of 
m u ltip le  in a c t iv a t io n :  i f  the  two in h ib i to r s  a re  a c tin g  a t  the  same 
s i t e ,  they would compete fo r  i t ,  and th e  r e s u l t in g  im pedition  would be 
le s s  than  th e  sum of th e  sep a ra te  re a g e n t’s a c tio n . I t  was found th a t  
some of th e  in a c t iv a to r s ,  fo r  in s ta n c e  2 ,4 ,6 - tr in itro b e n z e n e  su lphonate 
and N-phenylraaleiraide, acted  s y n e rg is t ic a l ly .  In a c tiv a t io n  of the 
enzyme, follow ed by attem pted  re a c t iv a t io n  by a d d itio n  of excess 
g lu ta th io n e  showed a fu r th e r  d iffe re n c e  between th e  a c tio n s  of 
p-m ercuribenzoate, 2 ,4 ,6 - tr in itro b e n z e n e  sulphonate and a m ixture of 
the  two; th e  f i r s t  compound gave alm ost complete in a c t iv a t io n , follow ed 
by almost f u l l  re a c t iv a t io n , whereas the second one was u n affec ted  by 
th e  g lu ta th io n e . When both were added, a s tro n g e r in h ib i t io n  re s u lte d , 
and the  g lu ta th io n e  did not re a c t iv a te  the  enzyme e f f e c t iv e ly .  Since 
th e  mammalian enzyme i s  not a ffe c te d  by su lfh y d ry l reag en ts  to  any 
g rea t e x te n t, i t  can be concluded th a t  su lfh y d ry l groups a re  not 
d ir e c t ly  involved in  th e  c a ta ly t ic  process of the  enzyme. Also, they 
do not re a c t  a t  th e  same s i t e  as th e  amino group re a g en ts , which seem 
to  re a c t in  a s im ila r  manner on both enzymes; the  e f f e c t  of in c reas in g  
the  pH i s  to  in c rease  the  apparen t f i r s t - o r d e r  r a te  co n stan t, im plying 
th a t  th e  basic  form of a n u c leo p h ilic  group i s  m odified. The au thors 
r a t io n a lis e d  the  evidence by suggesting  th a t  th e re  were amino groups 
p resen t a t  the  g lyoxalase  I  a c tiv e  s i t e .
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Glyoxalase I  e x h ib its  s im ila r  c a ta ly t ic  p ro p e r tie s  when the  z inc  
atoms a re  rep laced  by o th e r  d iv a le n t m etal atoms [6 3 ] , T herefore, the  
magnetic p ro p e r tie s  of o th e r m etals can be used to  s c r u t in is e  the 
a c tiv e  c e n tre . The manganese atom i s  param agnetic, and so i s  s u ita b le  
fo r  study by NMR techn iques. The re la x a tio n  r a te s  of w ater protons 
in te r a c t in g  w ith manganese were s tu d ied  by S e ll in  e t  a l .  [67,68] using  
NMR spectroscopy. The m anganese-glyoxalase I  was found to  have about 
10% of the  c a ta ly t ic  power of the  n a tiv e  enzyme and had the  same 
flu o rescence  spectrum , due to  tryptophan re s id u es , as mentioned 
p rev iously  [64]. Conclusive proof th a t  the  m etal was p a rt of the  
a c tiv e  s i t e  of th e  ergyme was e s ta b lish e d ; th i s  had been assumed 
p rev io u sly , but never proven: the  m etal might have ju s t  been a 
s t ru c tu ra l  fe a tu re  of the  enzyme. The param agnetic in flu en ce  of 
manganese on protons of g lu ta th io n e  and S -D -lac to y lg lu ta th io n e  was 
observed, showing th a t  th ese  bind very c lo se  to  the  m etal. As 
g lu ta th io n e  i s  p a r t of the  h em ith io ace ta l s u b s tr a te ,  and 
S -D -lac to y lg lu ta th io n e  i s  th e  product of the  re a c tio n , th e  m etal must 
be p a rt of the  a c tiv e  c e n tre .
I t  was c a lc u la te d  th a t  th e re  were two exchangeable w ater lig an d s  
a ttach ed  to  th e  manganese in  th e  unbound s ta t e ,  assuming th a t  the  m etal 
had oc tahed ra l co o rd in a tio n . In th e  presence of th e  in h ib i to r ,  
S -(p -brom obenzyl)g lu ta th ione , th e re  i s  only one w ater lig an d  observed 
to  be exchanging. This im p lies  th a t  e i th e r  th e  w ater ligand  i s  
d isp laced  by the in h ib i to r ,  o r , as seems more l ik e ly ,  th a t  th e  w ater i s  
immobilised by the  b inding of the  in h ib i to r .  This was found to  be the 
case fo r  S -D -la c to y lg lu ta th io n e , to o .
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From th e i r  r e s u l t s  S e l l in  e t  a l .  proposed a mechanism fo r  the 
ac tio n  of g lyoxalase  I  on a h e m ith io ace ta l. This i s  p ic tu red  in  F igure
3-1. The re a c tio n  mechanism suggested i s  as fo llow s; the  
h em ith io ace ta l i s  bound in  th e  a c tiv e  s i t e ,  forming a hydrogen bond 
between i t s  keto  group and one of th e  w ater lig an d s  of th e  m eta l. This 
favours the  p ro to n a tio n  of the  keto  oxygen and the  sim ultaneous 
a b s tra c tio n  of a proton from th e  Cl carbon. This r e s u l t s  in  an enedio l 
w ith  a negative  charge on th e  Cl oxygen, which could be p a r t ly  
n e u tra lis e d  by hydrogen bonding to  the  second w ater m olecule. The 
f in a l  s tep  i s  th e  donation  of the  proton from th e  e rs tw h ile  a b s tra c tin g  
base to  y ie ld  the  p roduct. The enzyme has two d i s t in c t  conform ations; 
the  r e s t in g  s ta te  and th e  binding s t a t e .  I t  changes from the  r e s t in g  
s ta t e  to  the  binding s ta t e  upon in te ra c t io n  w ith th e  h em ith io ace ta l, or 
th e  S -su b s titu te d  in h ib i to r :  t h i s  i s  confirmed by th e  o b servation  th a t  
th e  fluo rescence  sp ec tra  of the  bound enzyme and th e  in h ib ite d  enzyme 
d i f f e r  from the  unbound v a r ie ty .  The c a ta ly t ic  a c tio n  then re s to re s  
th e  enzyme to  th e  re s t in g  s ta t e ,  and the  product d is s o c ia te s :  the  
S -D -lac to y lg lu ta th io n e  flu o rescen ce  spectrum i s  the  same as th e  unbound 
one.
Another technique, using  p ro p e r tie s  of th e  m etal in  the  enzyme i s  
th a t  of th e  X-ray ab so rp tio n , app lied  by G arcia-In iguez  e t  a l .  [ 6 9 ]. 
This fu rn ished  more in fo rm ation  on th e  coo rd in a tio n  of the  m etal, and 
on l ik e ly  lig an d s  th e re o f . The X-ray ab so rp tion  sp e c tra  of g lyoxalase  
I  and of g lyoxalase  I  p lu s  th e  in h ib i to r  S -(p-brom obenzyl)g lu tath ione 
were very s im ila r  to  th a t  of (PyjgZnfNOgïgpa 7 -coord inated  Zn^* 
compound. The X-ray sp e c tra  of th e  Zn(ImH)^(C10^)2 and [ZnflmHï^lClg, 
which were 4- and 6 -coo rd ina ted  Zn^* models re sp e c tiv e ly  were q u ite  
d i f f e r e n t .  This im p lies  th a t  the  g lyoxalase  I  z in c  has a d is to r te d  
o c tah ed ra l geometry. Also, th e  Zn^^- N or Zn^*- 0 d is ta n c e s  c a lc u la te d
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from th e  f in e  s tru c tu re  d a ta  a re  la rg e r  than would be found fo r  
te tra h e d ra l  complexes. No evidence was found fo r  th e  g lu ta th io n e  
su lphur b inding  to  z in c .
B ack -sca tte rin g  from atoms a t  about 3 to  4 A from the  z in c  were 
s im ila r  to  those found fo r  known z inc-im idazo le  models, in c lu d in g  
carbonic anhydride, a copper-zinc  metalloenzyme w ith im idazole 
lig a n d s . The im p lic a tio n  was th a t  a t  le a s t  two im idazo les were bound 
to  th e  m etal. A dditional conclusions led  to  th e  proposed s tru c tu re  
below, w ith two im idazole lig a n d s , two N- or 0 -co n ta in in g  lig an d s  and 
two or th re e  w aters:
>2.3 A
2.04 A N or 0
Zn
2.04 A
\ s s s /
>2.3 A
Recently, some more NMR work, in  conjunction  w ith  computer 
m odelling tech n iq u es , has provided even more d e ta i le d  evidence on the  
na tu re  of the  b inding in  th e  enzyme [70]. Rosevear e t  a l .  s tu d ied  the 
conform ations of fou r g lu ta th io n e  d e r iv a tiv e s  bound a t  th e  
manganese-enzyme a c tiv e  s i t e .  These d e r iv a tiv e s  were a su b s tra te  
analogue, S -(ace to n y l) g lu ta th io n e , a hydrophobic in h ib i to r ,  S -(p ropy l) 
g lu ta th io n e , a charged in h ib i to r ,  S-(carboxym ethyl) g lu ta th io n e  and the  
p roduct, S -(D -lac to y l) g lu ta th io n e . The param agnetic e f fe c t  of the 
Mn^ '*’ atom on th e  n eare r pro tons was used a t  v a rio u s  freq u en cies  to  
c a lc u la te  d is ta n ce s  from m etal to  p ro ton . These were used, along w ith
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1 3 C NMR r e s u l t s  fo r  th e  product, as param eters fo r  a computer f i t t i n g  
program in  o rder to  c a lc u la te  th e  conform ations. Each of the 
g lu ta th io n e  d e r iv a tiv e s  adopted a Y-shaped conform ation when bound to  
th e  enzyme, s im ila r  to  the  th e o r e t ic a l ly  p red ic ted  s tru c tu re  [71] of 
g lu ta th io n e , i t s e l f .
The s u b s tra te  analogue, S -(ace to n y l) g lu ta th io n e  d i f f e r s  from the 
a c tu a l su b s tra te  in  th a t  i t  has two protons on Cl in s te ad  of one pro ton  
and a hydroxy group. The b e s t f i t  c a lc u la te d  conform ation from the  NMR 
data  has the  carbonyl oxygen p o in tin g  towards the m etal as one of the  
c o n s tra in ts , as th is  had been found to  be th e  case p rev iously  [7 2 ,73 ]. 
The 01-02 bond i s  more o r le s s  pe rp en d icu la r to  th e  0-Mn d ire c tio n  and 
th e  sulphur atom p o in ts  towards the  Mn. The 01 pro tons a re  on the  
opposite  s id e  from th e  m eta l, as i s  the methyl group. The d is tan ce  
from the  carbonyl oxygen to  th e  manganese atom was found to  be 5.1 A, 
whereas a manganese-oxygen d is tan ce  of between 2 .0  and 2 .4  A would be 
expected fo r  d ir e c t  co o rd in a tio n . This supports the  e a r l i e r  work, 
suggesting  an in term ed iary  w ater lig an d  and second-sphere co o rd in a tio n  
of metal to  oxygen.
The product conform ation ex h ib ited  some no tab le  changes from the  
s u b s tra te  analogue: the  la c to y l  carbonyl oxygen po in ted  towards the  
metal and th e  su lphur away from i t ,  in  c o n tra s t to  th e  su b s tra te  
analogue; the methyl group had a s im ila r  p o s itio n  to  b efo re , whereas 
th e  hydroxy oxygen, being jo in ed  to  a te tra h e d ra l carbon now, was not 
p o in tin g  d ir e c t ly  a t  the  m eta l, being a t  an angle to  i t .  The g re a te s t  
d iffe re n c e  between th e  two s tru c tu re s  was a t the  01 lo c a tio n , which 
was, on average, 1.6 A away from the  corresponding atom in  th e  
s u b s tra te  analogue. This d iffe re n c e  was the  only one th a t  was g re a te r  
than the  c a lc u la te d  u n c e r ta in ty  in  the  p o s itio n s  of th e  atoms of both 
sp ec ie s  and im plied a conform ational change from s u b s tra te  to  product.
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This can be explained e i th e r  as a f l e x i b i l i t y  in  b inding  of the  enzyme 
to  allow both s te reo iso m eric  s u b s tra te s  to  b ind, as rep o rted  by G r i f f i s  
e t  a l .  [743 , o r as conform ational changes in  th e  enzyme to  bind 
d i f f e r e n t ly  w ith  s u b s tra te  and product [68].
S -(p ropy l) g lu ta th io n e  i s  a hydrophobic in h ib i to r  of g lyoxalase
I  -  a t  l e a s t ,  th e  propyl end of the  molecule i s  hydrophobic. The
ca lc u la te d  s tru c tu re s  fo r  th i s  compound were more v a r ia b le  than the
2o th e rs , perhaps because th e re  was no sp carbon atom to  c o n s tra in  the  
s tru c tu re . The b e s t f i t  s t ru c tu re  i s  f a i r ly  s im ila r  to  the  
a c e to n y l-su b s titu te d  g lu ta th io n e , w ith  Cl and 02 roughly the  same 
d is tan ce  from th e  m etal and the  03 methyl group p o in tin g  away from i t .
The charged s u b s t i tu e n t  i s  fu r th e r  away from the  m etal than  th e  
o th e rs : i f  they are  considered to  be second-sphere coord inated , then  
th e  S-(carboxym ethyl) g lu ta th io n e  i s  th ird -sp h e re . I t  s t i l l  has the  
extended Y-shape of the  g lu ta th io n e  moiety p re sen t, as do the  o th er 
compounds, w ith no in te rn a l  hydrogen bonding.
3 .3  IhfiL-Qa.t-alyt.iQ. machanism of, giy.cxalase  i
The re a c tio n  scheme below i s  a simple re p re se n ta tio n  of what the  
g lyoxalase  system does:
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0 0 0 OHD M  _  II 1R-C-CH + GSH —^  R-C-CH-SG
0 OH Gly I  OH 0I I  I   ^  1 I IR-C-CH-SG r- ch- csg
OH 0 Gly I I  OH 0I 11  >  1 I I
RCH-CSG R-CH-COH + GSH
A hem ith io ace ta l i s  formed by th e  o(-ketoaldehyde and g lu ta th io n e . 
This i s  converted to  an oé-hydroxythioester by g lyoxalase  I ,  th i s  
th io e s te r  being fu r th e r  hydrolysed to  the  corresponding acid  by 
g lyoxalase  I I .
The im portant p a r t  of th i s  p rocess, as f a r  as d e to x if ic a t io n  i s  
concerned, i s  th e  g lyoxalase  I  re a c tio n , because the  products of th i s  
re a c tio n  a re  non-tox ic  in  a l l  known cases [75]. The re a c tio n  ca ta ly sed  
by th i s  enzyme i s  a hydrogen t r a n s f e r  from the  h y d ro x y -su b stitu ted  
carbon to  th e  keto  carbon and a corresponding iso m é risa tio n  of carbonyl 
and hydroxy groups. This hydrogen t r a n s fe r  s tep  i s  th e  most 
in te r e s t in g  in  the  re a c tio n ; th e re  have been c o n f l ic t in g  re p o r ts  on the 
n a tu re  of th i s  process over th e  l a s t  t h i r t y  y ears . Both in tram o lecu la r 
hydride t r a n s fe r  and in te rm o lecu la r proton t r a n s fe r  mechanisms have 
been suggested in  th e  p a s t [76-78]. The hydride t r a n s f e r  i s  analogous 
to  a Cannizzaro re a c tio n  in  s trong  a lk a l i .  This seemed to  be supported 
by the  fa c t  th a t  no C-D s tr e tc h  was observed by in f r a - re d  spectroscopy
Qwhen the  re a c tio n  was performed in  D^ O [76 ,77], and th a t  alm ost no H
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was inco rpo ra ted  when th e  re a c tio n  was c a r r ie d  out in  tr itiu m -e n ric h e d  
w ater [78]. A model re a c tio n , u sing  hydroxide ion  c a ta ly s is  on 
phenylglyoxal in  aqueous so lu tio n  has been in v e s tig a te d  by both Hine e t 
a l .  [7 9 ] and Vander J a g t e t  a l .  [80]. These re a c tio n s  were proved by 
both groups to  be r a te - l im i t in g  h y d r id e - tra n s fe r  re a c tio n s , but th e re  
were no tab le  d iffe re n c e s  from the  g lyoxalase  I  re a c tio n  i t s e l f .  As 
Vander Jag t e t  a l .  po in ted  ou t, th e  high s e n s i t iv i ty  to  s u b s t i tu e n t ,  
which was a fe a tu re  of th e  model re a c tio n  was in  marked c o n tra s t  to  the  
lack  of s e n s i t iv i ty  to  s u b s ti tu e n t in  the  g lyoxalase  I  re a c tio n . The 
model re a c tio n  followed a Hammett re la t io n s h ip  w ith  yO 2 .0 , which 
in d ic a te s  a t r a n s i t io n  s ta t e  s ta b i l i s e d  by electron-w ithdraw ing  
groups. This was not tru e  fo r  g lyoxalase  I .
Another model scheme in v e s tig a te d  has been th a t  invo lv ing  a 
general base c a ta ly s is  mechanism, rep o rted  by H all e t  a l .  [8 1 ,82 ], In 
th e  presence of magnesium n i t r a t e  hexahydrate, o r o th e r d iv a le n t m etal 
s a l t s ,  and a t e r t i a r y  amine or sodium a c e ta te , th e  rearrangem ent of 
o^ketohem im ercaptals to  th e  equ iv a len t o<-hydroxythioesters was s tud ied  
in  DMF. I t  was found th a t  th e  r a te  of rearrangem ent was in creased  
about 30- fo ld  over th e  non-catalysed  re a c tio n  [81]. This scheme was 
m odified to  mimic more acc u ra te ly  the  g lyoxalase  system: g lu ta th io n e , 
magnesium ions and e i th e r  im idazole or phosphate d ian ion  were used.
Both im idazole and phosphate were found to  be e f f e c t iv e ,  but primary 
amines and th io ls  were considered to  be too s trong , lead ing  to  
n u c leo p h ilic  adducts w ith  a^ketoaldehydes.
The ra te  was in c reased  1.8 tim es when Mg^  ^ was added to  the  
im idazole re a c tio n . (In  a non-aqueous medium, as s ta te d  above, a 
30 -fo ld  a c c e le ra tio n  was noted, b u t, in  th i s  system, w ater probably 
competes fo r  Mg^  ^ complexing s i t e s  w ith  th e  im idazo le). The k in e tic  
iso to p e  e f fe c t  was much lower than  fo r  the  hydroxide ion  ca ta ly sed
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Cannizzaro mechanism. This seems to  d i f f e r e n t ia te  th e  proton t r a n s fe r
en ed io l mechanism from th e  1 ,2 -hydride  s h i f t ,  fo r  th e  model scheme.
1 2However, V ( H)/V ( H) v a r ie s  w ith  the  source of th e  enzyme, so a l l  
th a t  can be co n fid en tly  concluded i s  th a t  the  hydrogen t r a n s fe r  i s  the  
r a te - l im i t in g  s te p , but not what type of tr a n s fe r  i t  i s .
Control t e s t s  were a lso  c a r r ie d  out to  e s ta b lis h  whether the
s u b s tr a te s ,  in te rm ed ia te  o r product exchanged pro tons w ith th e  so lv en t:
i t  was found th a t  they d id  no t, by NMR s tu d ie s , but th e  g lyoxalase
ca ta ly sed  re a c tio n  in  D^ O and th e  model re a c tio n  did e x h ib it  so lv en t
hydrogen in c o rp o ra tio n . The Cannizzaro re a c tio n  in  strong  base was
a lso  shown to  be a h y d r id e - tra n s fe r  mechanism as the  l a c t i c  acid
1product from m ethylglyoxal in  D^ O ex h ib ited  a H s ig n a l . L a s tly , 
ano ther co n tro l experim ent was c a r r ie d  out, proving th a t  even in  strong  
base, the  product did not in co rp o ra te  deuterium  a t  th e  carbon.
Okuyama e t  a l [83] in v e s t ig a te d  the  equ ilib rium  and k in e tic  
p ro p e rtie s  of th e  re a c tio n  between th io l s  and aldehydes to  give 
h em ith io ace ta ls , and th e  subsequent rearrangem ent to  th io e s te r s ,  by 
spectrophotom etric  means. They found th a t  K^, th e  eq u ilib rium  
co n stan ts  fo r  th e  re a c tio n s , fo llow  sigm oidal curves, of pKa = 9 . 0  fo r  
g lu ta th io n e  and pKa = 9.7 fo r  2 -m ercaptoethanol. These correspond to  
th e  pKa of th e  th io l s  them selves, im plying th a t  ju s t  th e  n e u tra l th io l  
spec ies  r e a c ts  to  form th e  hem ith io ace ta l a t eq u ilib riu m .
The ra te s  of rearrangem ent were found to  be dependent on RSH 
co n cen tra tio n , w ith s a tu ra t io n  s e t t in g  in  a t h igher co n cen tra tio n s . 
These were found by s tudy ing  th e  slow decrease in  absorbance in  the  
280 nm reg ion , owing to  h em ith io ace ta l being converted in to  e s te r .  The 
Kjj obtained by th i s  method agreed w ell w ith th a t  obtained  fo r the  
h em ith io ace ta l equ ilib riu m , confirm ing th a t th i s  i s  an in te rm ed ia te  in
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the  re a c tio n .
I t  was a lso  e s ta b lish e d  th a t  th e  rearrangem ent r e l ie d  on general 
base c a ta ly s is ,  as th e  r a te  co n stan ts  -  corresponding to  those of
th e  rearrangem ent when a l l  th e  aldehyde i s  transform ed -  in c rease  w ith 
g re a te r  b u ffe r  co n cen tra tio n s . This supports th e  ened io l in te rm ed ia te  
and proton t r a n s f e r  mechanism. The so lv en t iso to p e  e f f e c ts  po in ted  to  
a ra te -d e te rm in in g  s tep  in  th e  rearrangem ent being a proton t r a n s fe r  
from th e  hem ith io ace ta l to  th e  base, too . The r a te s  of rearrangem ent 
seem to  in c rease  w ith  in c re a s in g  pKa of the  th io l ;  t h i s  i s  probably 
because e lec tron-w ithdraw ing  groups, which lower th e  pKa, a lso  
f a c i l i t a t e  depro tona tion  of the  h em ith io ace ta l.
F lav ins can tra p  t r a n s ie n t  ened io l in te rm ed ia te s  o x id a tiv e ly  
[84-863, but a re  not very good hydride accep to rs [8 ? ]. Shinkai e t  a l .  
[88], used 3 -m e th y lte tra -O -a c e ty lr ib o fla v in  to  try  to  tra p  any ened io l 
in te rm ed ia te  formed in  th e  g lyoxalase  I  model re a c tio n . The f la v in  
almost com pletely in h ib ite d  th e  form ation of th e  o6>hydroxythioesters 
from h em ith io ace ta ls . This supported th e  con ten tio n  of H all e t  a l . ,  
th a t  g lyoxalase  I  c a ta ly se s  a proton a b s tra c tio n /d o n a tio n  mechanism.
The o x id a tio n  of f la v in  was ze ro -o rd e r in  f la v in , but f i r s t - o r d e r  in  
both th io l s  and g ly o x a ls ; th e re fo re  th e  r a te - l im i t in g  s tep  i s  the  
depro tona tion  to  form th e  ened io l in te rm ed ia te  and th e  f la v in  o x id a tiv e  
trap p in g  i s  r e la t iv e ly  ra p id .
Of course, th e  mechanism might be an in tram o lecu la r hydride s h i f t  
to  form the  product, which then forms an enediol by rearrangem ent and 
lo s s  of a pro ton . This mechanism was excluded by see ing  i f  th e  product 
analogue, S -e th y l th iom andelate  would re a c t w ith th e  system to  give any 
f la v in  trapped en ed io l. I t  was found th a t  the  compound was converted 
to  mandelic acid  alm ost t o t a l ly ,  w ith no benzoylform ic acid  being
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d e tec ted . T herefore , th e  h y d ro ly s is  of th e  th io e s te r  i s  much f a s t e r  
than  the  dep ro tonation  to  y ie ld  th e  en ed io l. Also, when S -e th y l 
th iom andelate was mixed w ith  th e  f la v in  in  a bu ffered  so lu tio n , no 
red u c tio n  of th e  f la v in  was observed. Thus, the  presence of th e  
hem ith io ace ta l was a necessary  co n d itio n  fo r  the  red u c tio n  of f la v in .  
The au th o rs  concluded th a t  t h e i r  r e s u l t s  confirmed th e  e a r l i e r  NMR work 
[81 ,82], th a t  th e  rearrangem ent of o^-hem ithioacetals to  o6-hydroxythiol 
e s te r s  proceeds v ia  1 ,2 -en ed io l in te rm ed ia tes  in  the  analogue of the  
g lyoxalase  I  c a ta ly sed  re a c tio n . The au thors a lso  a t t r ib u te d  
s ta b i l i s a t io n  of the  carbanion produced by the  proton a b s tra c tio n  as a 
rô le  fo r  th e  su lphur atom.
More re c e n tly , th i s  work has been extended to  f la v in  trap p in g  of 
an en ed io la te  in te rm ed ia te  in  th e  y eas t g lyoxalase  I  re a c tio n , i t s e l f  
[8 9 , 9 0 ]: th e  f la v in s  were found to  be weak in h ib i to r s  of the  enzyme; 
th i s  i s  an id e a l s ta te  of a f f a i r s  fo r  trap p in g  any in te rm e d ia te , as 
s tro n g e r in h ib i to r s  would probably o b s tru c t th e  re a c tio n  mechanism too 
much. A co n tro l experim ent w ithout g lyoxalase  I  p resen t showed th a t  
th e  f la v in s  were slowly reduced by the  su b s tra te  m ixture, bu t the  
red u c tio n  r a te  in  the  presence of th e  enzyme was an o rder of magnitude 
g re a te r .  The ra te ,  a f t e r  allow ing fo r  the  background red u c tio n , was 
found to  be dependent ju s t  on the  amount of g lyoxalase  I  p resen t in  the  
re a c tio n  m ixture. The re a c tio n  was again ze ro -o rd e r in  f la v in  
co n cen tra tio n , as in  th e  model re a c tio n , as the  hydrogen a b s tra c tio n  i s  
th e  r a te  determ ining s tep , follow ed by a f a s t  re a c tio n  w ith f la v in .  At 
l e a s t ,  th i s  i s  tru e  fo r  low le v e ls  of f la v in ,  but a t  h igher le v e ls ,  
th e re  was some dependence of th e  red u c tio n  ra te  on co n cen tra tio n . This 
was proposed to  be due to  p a r t i t io n in g  of th e  f la v in  between the 
so lv en t and th e  a c tiv e  s i t e ,  which i s  probably hydrophobic. F lav ins 
would c e r ta in ly  be p resen t a t  the  a c tiv e  cen tre  in  some p roportion , 
because they a re  weak in h ib i to r s  of the  enzyme. F u rth er evidence on
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th i s  p o in t was gleaned from th e  fa c t  th a t  th e  more hydrophobic f la v in s  
were reduced a t  a g re a te r  r a te  and in  g re a te r  number than the  
hyd ro p h ilic  ones, suggesting  th a t  th e  hydrophobic f la v in s  were p o ssib ly  
a t  a la rg e  hydrophobic s i t e  near to  th e  s u b s tr a te .  As mentioned 
befo re , th e  f la v in s  do not tra p  hydride ions very w e ll, so th i s  work 
advocates a p lace fo r  a carban ion ic  e n ed io la te  in te rm ed ia te  in  the  
enzym e-catalysed re a c tio n , e sp e c ia lly  as the  apparent from the  
f la v in  re a c tio n  i s  very s im ila r  to  th a t  obtained by Vander Jag t e t  a l .  
[91] fo r  th e  normal enzymic re a c tio n , s ig n ify in g  th a t  the  enzyme i s  
probably fu n c tio n in g  norm ally in  th e  f la v in  experim ents.
3.4 In h ib i to rs  of g lvoxalase  I
The s u b s tra te s  of g lyoxalase  I ,  such as m ethylglyoxal, a re  
cy to to x ic  in  ap p rec iab le  amounts, but may be re g u la to ry  in  small 
co n cen tra tio n s . This i s  th e  b a s is  of the  suggested use of g lyoxalase  I  
in h ib i to r s  as a n tic a n c e r  ag en ts : i f  g lyoxalase  I  a c t iv i ty  i s  reduced, 
th e re  may be a bu ild -up  of i t s  s u b s tra te s , th u s  p rovid ing  a means of 
re g u la tio n  of c e l l  d iv is io n  in  n e o p la s tic  c e l l s .
3 .4 .1  G lu ta th ione  based in h ib i to r s
The n a tu ra l s u b s tra te  fo r  th is  enzyme c o n s is ts  of a hem ith io ace ta l 
formed from the  g lyoxal and g lu ta th io n e , so v a rio u s  d e r iv a tiv e s  of 
g lu ta th io n e  were designed and syn thesised  to  probe the  mechanism of the  
enzyme. These were th e  f i r s t  in h ib i to r s  to  be designed based on the 
mechanism of the  c a ta ly t ic  re a c tio n  of g lyoxalase  I  and may be thought
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of as s u b s tra te  analogues.
S -su b s titu te d  g lu ta th io n e s  have been prepared by vario u s  groups 
[92-95]. They a re  in h ib i to r s  of g lyoxalase  I ,  and many were found to  
k i l l  L1210 leukaem ia and KB c e l l s  [96].
Lyon and Vince [97] have in v e s tig a te d  a range of S- and 
N -su b stitu ted  c y s te in y lg ly c in e s  fo r  a n ta g o n is tic  a c t iv i ty  towards y e a s t 
g lyoxalase  I .  This work provided in te re s t in g  new d a ta  on the  b inding 
of s u b s tra te s  to  g lyoxalase  I :  co n tra ry  to  ex p ec ta tio n , th ese  
g lu ta th io n e  analogues did not show com petitive in h ib i t io n  p ro p e r tie s , 
as had S -su b s titu te d  g lu ta th io n e s  p rev iously , but were non-com petitive 
in h ib i to r s  of y eas t g ly o x a lase .
When the  S-benzyl group was rep laced  by S-p-bromobenzyl, binding 
was found to  be much s tro n g e r . A d d itio n a lly , S-(p-brom obenzyl)-  
L -cy s te in y lg ly c in e  was found to  be in h ib ito ry , whereas S -benzyl- 
L -cy s te in y lg ly o in e  was in a c t iv e . These f a c ts  p o in t to  a hydrophobic 
s i t e  a cc e ss ib le  to  th e  S -su b s ti tu e n t of g lu ta th io n e .
K ine tic  experim ents were run to  a s c e r ta in  the  n a tu re  of th e  
noncom petitive binding of the  c y s te in y lg ly c in e s . These e s ta b lish e d  
th a t  the  h em ith io ace ta l, g lu ta th io n e  (which i s  a weak com petitive  
in h ib i to r  i t s e l f ) ,  and S -(p-brom obenzyl)g lu ta th ione a l l  bind a t  the  
same s i t e .  The in h ib i to r ,  g lu ta ry l-S -(p -b rom obenzy l)- 
L -cy s te in y lg ly c in e , d id not compete w ith g lu ta th io n e  fo r  th i s  s i t e ,  
b inding elsew here, w ith a s l ig h t ly  s y n e rg is tic  e f f e c t .  So, a small 
change in  th e  glutam yl p a r t  of g lu ta th io n e  allowed good b inding , but 
prompted th e  m olecule to  bind to  a d if f e r e n t  s i t e .
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3 .4 .2  N atural in h ib i to r s
Oray and Norton [98] in v e s t ig a te d  the  in h ib i t io n  of both 
g lyoxalase  I  and I I  by n u c leo tid e s  and n u c leo sid es. They found th a t  
in h ib i t io n  was co n stan t fo r  a nuc leoside , i t s  mono-, d i -  and 
tr ip h o sp h a te s  and fo r  the  f r e e  base. T heir r e s u l t s  suggest th a t  the  
g lyoxalases would be com pletely in a c tiv e  in  v iv o , because of the  
co n cen tra tio n  of n u c leo tid es  p re sen t in  c e l l s .  Some s o r t  of a c t iv a to r  
would be req u ired  to  reduce t h i s  in h ib i t io n , or the  enzyme would have 
to  be segregated  in  a v e s ic le ,  away from the  general c e l l  co n ten ts .
A s tro n g  in h ib i to r  of g lyoxalase  I  has been sep ara ted  from a 
c u ltu re  of Streptom yces g riseo sp o reu s  [99]. This was found to  be
2-cro tonyloxym ethyl-4 ,5 , 6 - t r ih y droxycyclohex-2-enone. Another c u l tu r e , 
th i s  time from a mushroom, Stereum hirsutum , provided a la rg e r  
in h ib i to r  molecule c a lle d  MS-3 (3 ’4 ’-dihydroxym ethyl-5’-hydroxy-6»- 
(3 -m ethy l-2-bu tenyl)-phenyl-2 ,4 -d ihydroxy-6-m ethy l benzoate) [100], 
whose s tru c tu re  was e lu c id a te d  by X-ray c ry s ta llo g rap h y , as was the  
previous m olecule. These compounds a re  in te r e s t in g  enough in  t h e i r  own 
r ig h t ,  but a more system atic  approach as d e ta i le d  below gives more 
in fo rm ation  on th e  n a tu re  of th e  c a ta ly t ic  p rocess.
3 .4 .3  Reduotones
l io  e t a l .  [101], s tu d ied  the  e f fe c t  of a s e r ie s  of chemical 
sp ec ie s , which they termed reductones, on g lyoxalase  I ,  as th e se  have 
antitum our p ro p e r tie s . These chem icals a re  u su a lly  known as 
a n tio x id a n ts  as they a re  involved in  the  co n tro l of re a c tiv e  oxygen
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spec ies  in  th e  body. l io  and h is  co-workers found th a t  a sco rb ic  acid  
and a sco rb ic  ac id  3-phosphate both in h ib ite d  g lyoxalase  I  w e ll, but 
dehydroascorbic acid  was not in h ib i to ry . Aromatic reductones a l l  
in h ib ite d  the  enzyme, but were about ten  tim es weaker than  th e  
a l ip h a t ic  ones. Reductones have an enedio l s t ru c tu re ,  which was 
claimed to  be e s s e n t ia l  fo r  a n tic a n c e r  a c t iv i ty ,  but not fo r  in h ib i t io n  
of g lyoxalase  I ,  as a sco rb ic  acid  3-phosphate was an in h ib i to r ,  even 
though the  ened io l s t ru c tu re  was not p re sen t. Ascorbic ac id  was found 
to  ex h ib it uncom petitive in h ib i t io n ,  th a t  i s ,  i t  in te r f e r e s  w ith  the 
enzyme-subs t r a te  complex.
The group found th a t  p-benzoquinone was a strong  in h ib i to r  of th is  
enzyme. This was ra t io n a l is e d  as being due to  fo u r sim ultaneous 
p rocesses tak in g  p lace ; th e se  were: a tta c k  of the  in h ib i to r  a t  enzyme 
su lfh y d ry l groups or amino groups, re a c tio n  w ith  g lu ta th io n e , 
com petitive in h ib i t io n  by ox id ised  g lu ta th io n e  and com petitive 
in h ib i t io n  by g lu ta th ione-benzoquinone adducts.
The au thors concluded th a t  p a r t  of the  reductones ' a n ti-c a n c e r  
e f fe c t  may be due to  t h e i r  in h ib i t io n  of the  g lyoxalase  system, in  
ad d itio n  to  t h e i r  in te r fe re n c e  w ith DNA chains.
3 .4 .4  Mech&aismTbased. i nhibl^.QJüa.
Douglas and Nadvi [102] a lso  placed emphasis on th e  enediol 
s tru c tu re  of in h ib i to r s  not r e la te d  to  the  s u b s t i tu te d  g lu ta th io n e  
compounds. They based th e i r  approach to  th e  problem of in h ib i to r  
design on the  m echanistic  s tu d ie s  th a t  showed th a t  an ened io l 
in te rm ed ia te  was p re sen t in  the  re a c tio n . Maito i  was found to  be a
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non-com petitive in h ib i to r  and was as good an in h ib i to r  as the 
s u b s ti tu te d  g lu ta th io n e s . Like th e  asco rb ic  ac id  3-phosphate mentioned 
above, th i s  does not co n ta in  an ened io l s t ru c tu re , bu t the  au thors  
poin ted  out th a t  a l l  th e  in h ib i to r s  contained e i th e r  an ened io l or a 
paene-ened io l s t ru c tu re ,  th a t  i s  a s tru c tu re  s im ila r  to  th a t  of the 
en ed io l. Whether th e  in h ib i t io n  was due to  the  s im i la r i ty  of in h ib i to r  
to  the  M ichaelis complex ( i . e .  s u b s tra te -  enzyme complex) or to  th e  
en ed io l t r a n s i to ry  sp ec ie s  could not be a sc e rta in e d . The in h ib i t io n  
k in e t ic s  of th e  o th e r in h ib i to r s ,  such as squ aric  acid  and 
2 ,3-dihydroxybenzoic ac id  were not rep o rted . The reason fo r  the  
observed non-com petitive in h ib i t io n  by m altol may be th a t  the  in h ib i to r  
i s  in te ra c t in g  w ith  p a r t of th e  a c tiv e  s i t e ,  a llow ing th e  s u b s tra te  
hem iacetal to  bind norm ally, but blocking p a rt of th e  c a ta ly t ic  
mechanism. Thus, i f  th e  g lu ta th io n e  p a rt of the  s u b s tr a te ,  -  or 
p o ssib ly  ju s t  th e  c y s te in y lg ly c in e  p a rt -  i s  re sp o n sib le  fo r  a tta c h in g  
to  th e  enzyme, b ring ing  th e  hem iacetal p a r t c lo se  to  the  c a ta ly t ic  
c en tre , then  o b s tru c tio n  of the  c a ta ly t ic  p a r t of th e  s i t e  by m alto l 
would not a f f e c t  th e  b ind ing , ju s t  the  subsequent re a c tio n .
This paper prompted a g re a t deal of study on ened io l and 
paene-enedio l compounds as p o ss ib le  g lyoxalase in h ib i to r s ,  lead in g  to  
the  d iscovery of some very po ten t in h ib i to r s ,  such as the  flavone 
s e r ie s  mentioned below. V arious groups have since t r i e d  to  fin d  
in h ib i to r s  of g lyoxalase  I  by m echanistic  reason ing , based on th e  
s tru c tu re  of p a r ts  of th e  p u ta tiv e  in h ib i to r s .
In a review a r t i c l e ,  Jordan e t  a l .  rep o rted  th e  in h ib i t io n  of the  
enzyme by m ethyl- and phenylglyoxaldoxime [48]. These compounds were 
in v e s tig a te d  fo r  in h ib ito ry  a c t iv i ty  because they a re  good c h e la to rs  
and are  s im ila r  in  s tru c tu re  to  O^ketoaldehydes. They turned  out to  be 
f a i r  in h ib i to r s ,  w ith  50/6 in h ib i t io n  a t  a co n cen tra tio n  of about
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0,004 M, In  th e  presence of th io l s ,  th e  oximes rearranged  to  
o^ketoam ides, G lyoxalase I  was found to  c a ta ly se  th i s  re a c tio n  and the  
follow ing re a c tio n  scheme was proposed in  exp lana tion :
OHI0 N-OH 0 NH 0 NH GO11 11 I I  1 11 I I  I I  11R-C-C-H + GSH ---- ^  RC-C-C-SG  >  R-C-C-SG  >  R-C-C-NH^
H
The a d d itio n  of oxime to  g lu ta th io n e  i s  f a i r l y  unfavourable, being 
a t  l e a s t  300 tim es slower than  fo r the  corresponding o<-ketoaldehyde. 
This led  th e  au thors to  suggest a tw o -su b stra te  mechanism in  which 
ad d itio n  tak es  p lace a f t e r  b inding to  the  enzyme. The next s tep  i s  the  
dep ro tona tion  by an enzymic base, analogous to  the  ca ta ly sed  
rearrangem ent of th e  aldehydes. F in a lly  the  adduct was hydrated , to  
remove th e  g lu ta th io n e  and form the  amide.
This in v e s t ig a tio n  provided supporting  in form ation  fo r the  ened io l 
mechanism, but the  oximes were not very good in h ib i to r s .  This was 
construed to  be due to  two h indrances on the  re a c tio n : the  a d d itio n  to  
g lu ta th io n e  i s  not favourab le  and the  oximes a re  probably found in  a 
tra n s  conform ation, which does not favour in te r a c t io n  w ith th e  enzyme 
a c tiv e  cen tre .
Douglas and G hotb-Sharif [1033 rep o rted  the  in h ib i t io n  of y east 
g lyoxalase  I  by a s e r ie s  of te tr a p y r ro le s  or porphyrins. They found 
th a t  the  enzyme was in h ib ite d  by th e se , but not by vitam in  B-12.
D espite the  f a c t  th a t  haemin was found to  re a c t w ith g lu ta th io n e , 
k in e t ic  measurements showed th a t  the  in h ib i t io n  was probably by d ire c t
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a c tio n  on the  enzyme, not by g lu ta th io n e  d e p le tio n . The in h ib i t io n  was
a lso  shown to  be of a com petitive  n a tu re . The b inding to  th e  enzyme
was found to  be pH-dependent, to o . The pH p ro f i le s  gave a pK ofapp
around 7, which was probably an enzymic io n is a t io n , as the  pK  ^ va lues 
fo r  th e  s id e -ch a in s  o f th e  porphyrins were much more v a rie d .
I t  seems th a t  th e  enzyme must have a la rg e  hydrophobic pocket 
c lo se  to  th e  a c tiv e  s i t e  to  accommodate th e se  b ig  m olecules, as 
porphyrins have a hydrophobic c e n tre , surrounded by io n ic  s id e -ch a in s , 
which presumably in te r a c t  w ith  th e  a c tiv e  cen tre  in  some way, h in d erin g  
th e  enzymic c a ta ly t ic  p rocess .
Brandt e t  a l .  [104,105], in v e s tig a te d  some of th e  in h ib i to r s  
d iscussed  above, along w ith  some new ones, using  a g lyoxalase  I  
prepared from human e ry th ro c y te s  -  probably the  most re le v an t system 
h i th e r to  used fo r  the  study of th e  c a rc in o s ta t ic  and m etabolic  
p ro p e rtie s  of the  enzyme and i t s  in h ib i to r s .  The new compounds were 
d e r iv a tiv e s  of coumarin, th a t  i s  e sc u lin , e s c u le t in  and 
4 -m e th y lescu le tin . E sc u le tin  and 4 -m eth y lescu le tin  had th e  same I^ q 
value of 0.03 mM and e sc u lin  was a weaker in h ib i to r ,  a t  0,23 mM. When 
e sc u le tin , 4 -m e th y le scu le tin  and squaric  acid  were compared, by 
p lo t t in g  graphs of percentage a c t iv i ty  of th e  enzyme a g a in s t the  
co n cen tra tio n  of the  in h ib i to r ,  i t  was found th a t  the  in h ib i t io n  curves 
were d if f e r e n t ,  suggesting  th a t  the  type of in h ib i t io n  may vary between 
th ese  compounds.
A number of flavone d e r iv a tiv e s  were found to  be very powerful 
in h ib i to r s  of g lyoxalase  I  by Brandt e t  a l .  [106]. These were 
hy d ro x y -su b stitu ted  d e r iv a tiv e s  of 4 ' , 5 , 7 -trihyd roxyflavone  -  
ap igen in . The best in h ib i to r  was m y rice tin , fo r  both human e ry th ro cy te  
and y e as t g lyoxalase  I .  This has a tr ih y d ro x y -su b s ti tu te d  phenyl
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r in g . When m yrice tin  i s  m odified a t  th e  3-hydroxy p o s itio n  to  give i t s  
g lu co sid e , m y r ic i tr in , th e  in h ib i t io n  dropped d ram a tica lly , from an 1^^ 
of 5 .0  uM to  185.0 uM. This i s  tru e  fo r  th e  o th e r flav o n es, a lso . The 
ex ten t of h y d ro x y -su b s titu tio n  on the  phenyl r in g  a lso  seems to  be 
im portan t, as th i s  i s  th e  only d iffe ren c e  between m y rice tin  and 
q u e rc e tin , morin, kaempferol and 3-hydroxyflavone, which show a range 
of I^Q va lues of one o rder of magnitude. There i s  an in te r e s t in g  p o in t 
a r is in g  from th e  in h ib ito ry  power of th ese  compounds: 3-hydroxyflavone 
seems to  be in o rd in a te ly  good as an in h ib i to r ;  th e  r e s t  of th e  
compounds decrease in  a c t iv i ty  w ith decreasing  h y d ro x y -su b s titu tio n  on 
the  phenyl r in g , y e t 3-hydroxyflavone, which has no 
h y d ro x y -su b s titu tio n , i s  as good as q u e rc e tin  and f i s e t i n .
A re la te d  group of m olecules -  s u b s ti tu te d  coumarins -  a lso  
ex h ib ited  in h ib ito ry  prowess [107]. These again  were hydroxy- 
s u b s t i tu te d  compounds. Coumarin i t s e l f  i s  not in h ib i to ry  to  any g re a t 
e x ten t, but some of the  d e r iv a tiv e s  a re  very good. The b e st in h ib i to r s  
have two hydroxy groups ad jacen t to  each o th e r, rem in iscen t of the 
c is -e n e d io l s tru c tu re  d iscussed  above. A non-po lar group a t  the
4 -p o s itio n  a lso  seems to  enhance th e  in h ib ito ry  e f f e c t  of th ese  
compounds. I t  was a lso  found th a t  compounds which had no ened io l 
s tru c u re , o r had a keto  group next to  the  hydroxy one were only weakly 
in h ib ito ry . The type of in h ib i t io n  was found to  be com petitive .
The above groups of in h ib i to r s ,  namely the  flavones and the  
coumarins, a re  id e a l fo r  study by th e o re t ic a l  means: they a re  two 
groups of s im ila r  m olecules, w ith a range of in h ib i t io n  of over one 
o rder of magnitude and co n ta in  th e  simple elem ents carbon, hydrogen and 
oxygen, which allow th e  use of minimal b a s is  s e t  c a lc u la tio n s  to  give 
f a i r l y  r e l ia b le  r e s u l t s .  An id e a l method of studying  the  e le c tro n ic  
p ro p e rtie s  of th ese  compounds i s  to  look a t  th ese  p ro p e rtie s , on th e i r
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van der Waals su rfa ce , as th e  s im ila r i ty  in  shape and s iz e  allow s 
d e ta i le d  comparison of th e  s t ru c tu re s .  The methods of study w il l  be 
t re a te d  in  depth in  th e  next ch ap te r.
This f i e ld  i s  an id e a l  one fo r  th e  in te rp la y  of th e o re t ic a l  and 
p ra c t ic a l  d is c ip l in e s ,  as th e  stim ulus of the  experim ental work has led  
to  a c a re fu l th e o re t ic a l  co n s id e ra tio n  of the  mechanism of th is  
enzyme. This has in  tu rn  provided the  e x p e rim en ta lis t w ith  new 
compounds to  sy n th es ise  and t e s t ,  based on the  c a lc u la te d  p ro p e r tie s  of 
proposed in h ib i to r s .  The cooperation  of ano ther NFCR resea rch  
s c i e n t i s t ,  P ro fesso r Richard B randt, in  the  te s t in g  of m olecules has 
been an im portan t f a c to r  in  t h i s  p ro je c t .
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Figure 3-1 The Proposed Mechanism Of G lyoxalase I ,  According To S e l l in  
e t  a l  [67 ].




The a p p lic a tio n  of th e o re t ic a l  methods to  b io lo g ic a lly  im portan t 
m olecules has in c reased  d ram a tica lly  over th e  l a s t  decade. I n i t i a l l y ,  
em pirica l methods such as Hansch a n a ly s is  [108] and o th e r Q u a n tita tiv e  
S tru c tu re -A c tiv ity  R e la tio n sh ip s  (QSAR) were used, which, although 
successfu l in  t h e i r  own r ig h t ,  do not give a c le a r  in d ic a tio n  of what 
i s  happening a t  th e  b io lo g ic a l re c e p to r , or enzyme s i t e .  Hansch 
a n a ly s is  works w ell i f  th e  b io lo g ic a l property  being in v e s tig a te d  
r e l i e s  on g ross p h y sica l p ro p e r tie s , but i s  not so r e l ia b le  fo r  very 
sp e c if ic  b ind ings, which o ften  occur a t  p h y sio lo g ica l s i t e s .  Thus, 
analyses based on a more physicochem ical approach were needed.
T h eo re tica l c a lc u la tio n s  of m olecular conform ation can provide 
more su b tle  in fo rm ation , or can be used as an ex tension  to  the  fa m il ia r  
Dreiding and CPK models. These models fu rn ish  the  in v e s t ig a to r  w ith 
conform ational in fo rm ation  v ia  hard atom c o n ta c ts , whereas c a lc u la tio n s  
o f p o te n tia l  energy su rface s  g ive smoothly vary ing  in te ra c t io n s  when 
neighbouring chemical groups approach one an o th er.
C a lcu la tio n s  a lso  provide the  means fo r  study ing  p a r t ic u la r  
m olecular p ro p e r tie s , e sp e c ia lly  fo r  is o la te d  m olecules. These 
p ro p e rtie s  can be re le v a n t to  b io lo g ic a l re a c tio n s . This in fo rm ation  
i s  ob tained  from e i th e r  sem i-em pirical or ab i n i t i o  quantum mechanical 
c a lc u la tio n s , by ev a lu a tin g  the  ex p ec ta tio n  value of th e  a p p ro p ria te  
o p e ra to r. In p r in c ip le , any e le c tro n ic  property  can be c a lc u la te d  in  
th i s  manner.
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An advantage of th ese  methods over more t r a d i t io n a l  measurements 
of g ross physica l p ro p e r tie s , i s  th a t  the  c h a r a c te r is t ic s  of p a r ts  of 
m olecules, or even m olecules which have never been made, can be 
s tu d ie d . For example, th e  e le c tro n  d en sity  on a p a r t ic u la r  atom or 
reg ion  may be found to  be a l l i e d  to  the  tren d  in  a c t iv i ty  of a 
p a r t ic u la r  s e r ie s  of m olecules. This could not be deduced by physica l 
experim ent, bu t th e  e le c tro n  d en sity  i s  e a s ily  c a lc u la te d  by quantum 
m echanical methods.
The idea  of studying  m olecules which have never been sy n thesised  
appeals g re a tly  to  drug d e s ig n e rs ; i f  a s e r ie s  of m olecules seems to  
e x h ib it a re la t io n s h ip  between b io lo g ic a l a c t iv i ty  and a p a r t ic u la r  
e le c tro n ic  p ro p erty , then  analogous s u b s ti tu te d  compounds may be 
p red ic ted  to  have c e r ta in  a c t i v i t i e s .  Unpromising m olecules can be 
e lim ina ted  from th e  l i s t  o f p o ss ib le  compounds fo r  sy n th e s is , and more 
l ik e ly  cand ida tes  can be concen tra ted  on. In  f a c t ,  some sy n th e tic  
m edicinal chem ists expect to  make only a c tiv e  compounds in  th e  fu tu re  I
A problem in  c a lc u la tin g  th e  e le c tro n ic  p ro p e r tie s  of m olecules in  
b io lo g ic a l systems has been th e  p re se n ta tio n  and subsequent 
in te rp re ta t io n  of th e  massive amounts of d a ta  c a lc u la te d . This can be 
a lle v ia te d  by the  modern techn iques of computer g rap h ics, as d e ta i le d  
in  the  next ch ap te r. The p ro p e r tie s  of simple systems can be s tu d ied
by considering  th e i r  symmetry, using  group theory  tech n iq u es , but th i s
soon becomes im p rac tic ab le . A la rg e , th ree-d im ensional s tru c tu re  
re q u ire s  a four-d im ensional method to  p resen t r e s u l t s  and ca lc u la te d  
p ro p e r tie s . This can be achieved by the  use of co lour as one dimension
of in fo rm ation  and a two-dim ensional p ro je c tio n  of th e  o th e r th re e
dimensions (g en e ra lly  m olecular coo rd ina tes) on th e  screen  plane. To 
th i s  end, vario u s  programs have been devised [109-111], which p lo t
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colour-coded in fo rm ation  onto a m olecular su rface . However, th e se  use 
expensive, s o p h is tic a te d  equipment, which i s  not re a d ily  a v a ila b le  in  a 
ty p ic a l  la b o ra to ry . D isplay dev ices w ith  fewer b i t s  per p ix e l 
a v a ila b le , such as  our own T ektron ix  4109, a re  more common, so a method 
of d isp lay  on th ese  dev ices was dev ised .
The wave fu n c tio n  fo r  a p a r t ic u la r  system i s  c a lc u la te d  by so lv in g  
S ch rS d in g er 's  tim e-independent equation  [112];
where i s  th e  H am iltonian o p e ra to r, a sum of k in e tic  and 
p o te n tia l  energy term s. The s o lu tio n s  obtained  from th i s  equation , Y l, 
a re  e igen fu n ctio n s  of w ith  corresponding e igenvalues, which a re  
the  en erg ies  of th e  system in  s ta t e  i .  The equation  cannot be solved 
a n a ly t ic a l ly  fo r  any chem ical sp ec ie s  o th e r than th e  hydrogen atom, but 
an approximate so lu tio n  can be obtained by num erical means, the  
accuracy achieved depending only on expense in  term s of tim e, money and 
computer s to rag e  space. In  th e  r e a l  world of f i n i t e  re so u rces  i t  i s  
no t p ra c tic a b le  to  c a lc u la te  exact so lu tio n s  to  the  equation , so 
v a rio u s  approxim ations a re  used to  reduce the  c a lc u la tio n  to  more 
manageable p ro p o rtio n s .
The main approxim ations made concern the  motions of the  e le c tro n s  
in  the  m olecular system . The Born-Oppenheimer approxim ation co n sid e rs  
th e  motions of th e  e le c tro n s  sep a ra te ly  from those  of th e  n u c le i and 
th e  H artree-Fock s e l f - c o n s is te n t  f i e ld  (SCF) method co n sid ers  each 
e le c tro n  to  be moving in  an average f ie ld  c rea ted  by the  o th er 
e le c tro n s  -  the  c o rre la te d  motion of e lec tro n s  of opposite  sp in  being 
n eg lec ted . Once th ese  approxim ations have been made, th e  b e st s in g le  
co n fig u ra tio n  d e sc r ip tio n  o f th e  system i s  the  H artree-Fock l im i t  wave 
fu n c tio n . To improve on th i s ,  one must consider the  e x p l ic i t
— 51 —
c o rre la tio n  of the  e le c tro n s , but th i s  invo lves much more com plicated 
and time consuming c a lc u la tio n s , which a re  not p o ss ib le  in  the  type of 
work d iscussed  here .
4.1 The Born-Oppenheimer Approximation
The main approxim ation th a t  i s  made i s  the  Born-Oppenheimer 
approxim ation. This uses the  f a c t  th a t  the  mass of th e  nucleus o f an 
atom i s  much la rg e r  than  th a t  of an e le c tro n , so i t  moves much slow er. 
The n u c lea r framework of a m olecule can be considered  to  be f ix e d , 
ignoring  the  k in e tic  energy term s of the n u c le i, and the  e le c tro n s  
th e re fo re  move in  a f i e ld  c rea ted  by th e  fix e d  n u c lea r framework. Thus 
th e  e le c tro n ic  and n u c lea r motions can be sep a ra ted , and th e  wave 
fu n c tio n  fo r a p a r t ic u la r  c o n fig u ra tio n  of th e  n u c le i can be c a lc u la te d  
in  terms of e le c tro n ic  energy and a co n stan t n u c lea r rep u ls io n  energy.
«Itc.
4 .2  The B asis Set
The approxim ate m olecular o r b i ta l s  a re  u su a lly  co n stru c ted  from a 
f i n i t e  l in e a r  com bination of atomic o r b i t a l s  (LCAO):
where i s  the  j t h  m olecular o rb i ta l  and th e  atomic
o r b i t a l s .  a re  th e  expansion c o e f f ic ie n ts  d e fin in g  the  m olecular
o r b i t a l .  The s e t  of atomic o r b i t a l s  used to  d e fin e  th e  m olecular
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o r b i t a l s  i s  c a lled  th e  b a s is  s e t .
The choice of a b a s is  s e t  i s  th e  f i r s t  s tep  in  an ab i n i t i o  
c a lc u la tio n . Although th e  S la te r - ty p e  o r b i ta l s ,  which a re  obtained  from 
atom ic wave fu n c tio n s , give good r e s u l t s ,  most programs employ gaussian  
o r b i ta ls  in s te a d . Gaussian fu n c tio n s  have a d if f e r e n t  ra d ia l  
dependence from th e  S la te r - ty p e  fu n c tio n s , p a r t ic u la r ly  a t  th e  o r ig in  
and a t  la rg e  d is ta n c e s , bu t groups of these  fu n c tio n s  can be f i t t e d  to  
the  exponen tia l form of th e  S la te r - ty p e  fu n c tio n s . The reason  why 
these  gaussian  fu n c tio n s  a re  used i s  th a t  th e  in te g ra ls  a re  much e a s ie r  
to  compute using  gaussian  fu n c tio n s , as the  product of two gaussians i s  
a th ird  gaussian , cen tred  between them; th i s  p roperty  i s  used by the  
in te g ra l  package of an ab i n i t i o  program to  s im p lify  the com plicated 
m any-centre tw o -e lec tro n  in te g ra ls  evaluated  in  the  c a lc u la tio n , as 
in te g r a ls  invo lv ing  fou r c en tre s  and fou r corresponding gaussian  
fu n c tio n s  can be reduced to  tw o-cen tre  in te g ra ls  and then  to  an even 
sim pler expression  invo lv ing  the  e r ro r  fu n c tio n  [113].
The fa c t  th a t  about th re e  gaussian  fu n c tio n s  a re  needed fo r  every 
S la te r  fu n c tio n  b rin g s  fre sh  problems in  the  i t e r a t i v e  s tag es  of the  
s e lf - c o n s is te n t  f i e ld  procedure, as convergence may be very slow. This 
i s  overcome by f ix in g  some of th e  c o e f f ic ie n ts  r e la t iv e  to  o th e rs  and 
vary ing  them en b lo c , in s te ad  of in d iv id u a lly . This technique i s  
c a lle d  c o n tra c tio n  of th e  b a s is  s e t .  The lo s s  of accuracy in h e ren t in  
th i s  c o n s tr ic t io n  i s  not very g re a t i f  the  c o n tra c tio n  i s  chosen 
c a re fu l ly , whereas th e  saving  in  computer time can be.
The sim plest type of b a s is  s e t  a v a ila b le  i s  th e  minimal b a s is ,  in  
which th e re  i s  one S la te r - ty p e  fu n c tio n  -  or s e t  of f i t t e d  gaussians -  
fo r  each o r b i t a l .  An example of th i s  b a s is  i s  th e  ST0-3G b a s is  s e t  
[114,115] used in  some of t h i s  work. (Some people may d efin e  th i s  as a
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sub-minimal b a s is , as i t  g ives worse en erg ies  than  a S la te r  minimal 
b a s is  s e t ) .
The main problem w ith  th e  minimal b a s is  s e t  i s  th a t  i t  i s  not 
p o ss ib le  to  c o n tra c t or expand th e  o r b i t a l s  to  s u i t  th e i r  environm ent, 
as  th e  exponents a re  fix ed  a t  th e  s t a r t  of the  c a lc u la tio n . A remedy 
to  th i s  i s  to  use th e  more com plicated s p li t -v a le n c e  b a s is  s e t s  or th e  
d o u b le -ze ta  b a s is  s e ts .  These a re  s p l i t  in to  two or more p a r ts ,  
allow ing the  s e l f - c o n s is te n t  f i e ld  procedure to  a d ju s t the  s iz e  o f the  
o r b i t a l s  by vary ing  th e  c o e f f ic ie n ts  of th e  in n e r and o u te r fu n c tio n s . 
Sm aller b a s is  s e ts  of t h i s  type , th e  s p l i t -v a le n c e  s e ts ,  such as the  
3-21G b a s is  [116,1173, only s p l i t  th e  valence fu n c tio n s , whereas the 
la rg e r  double ze ta  b a s is  s e ts  have s p l i t  core fu n c tio n s  to o . The 3-21G 
b a s is  has a c o n tra c tio n  of th re e  gaussians fo r  th e  core o r b i t a l s  and a 
s p l i t  of two in n e r and one o u te r  co n trac ted  gaussians fo r  th e  valence 
o r b i ta l s .  As one might expect, most chemical p ro p e r tie s  obtained  from 
th e  s p li t-v a le n c e  bases a re  comparable to  th e  double z e ta  ones, because 
the  behaviour of the  valence e le c tro n s  i s  much more im portant than  the 
t ig h t ly  bound, chem ically le s s  in te r e s t in g  core e le c tro n s .
A fu r th e r  improvement can be made to  th e  c a lc u la tio n  by the  
a d d itio n  of more fu n c tio n s  to  d esc rib e  each o r b i t a l ,  going to  t r i p l e  or 
quadruple z e ta  b a s is  s e ts .  However, i t  i s  more e f fe c t iv e  to  
in co rp o ra te  fu n c tio n s  of h ig h e r angu lar quantum number in  th e  b a s is . 
These a re  termed p o la r is a t io n  fu n c tio n s , as they allow  th e  e le c tro n ic  
charge d is t r ib u t io n  a sso c ia te d  w ith  an atomic o r b i ta l  to  be p o la r ise d  
in  response to  the  e l e c t r i c  f i e ld  generated by the  n u c le i and 
e le c tro n s . This e x tra  v e r s a t i l i t y  a v a ila b le  to  th e  SCF procedure g ives 
good q u a lity  r e s u l t s  fo r  reasonably  s ized  m olecules. An example of 
th i s  type of b a s is , used in  th i s  work, i s  the  6-31G** b a s is  [118], 
which has p o la r is a t io n  fu n c tio n s  on a l l  the  atoms, in c lu d in g
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p -fu n c tio n s  on th e  hydrogen atoms.
The b a s is  s e t  chosen fo r  a c a lc u la tio n  i s  id e a l ly  the  la rg e s t  
w ell-balanced  one a v a ila b le  fo r  th e  system being s tu d ie d . The l im i t s  
of tim e -  both e lapsed  time and computer time -  c o n s tra in  th e  choice of 
b a s is  s e t ,  as does th e  amount of s to rag e  space a v a ila b le  on the
computer. The la rg e  in h ib i to r  m olecules s tu d ied  in  th i s  th e s is ,  w ith
up to  23 heavy atoms and 10 hydrogens, can only be s tu d ied  w ith a 
minimal b a s is  s e t  on th e  f a c i l i t i e s  a v a ila b le  in  S t Andrews. The 
ST0-3G b a s is  s e t  was chosen fo r  th i s  as the  l im i ta t io n s  of th i s  b a s is  
a re  w ell documented [1193. The energy c a lc u la tio n s  on model re a c tiv e  
in te rm ed ia te s  were c a r r ie d  out u sing  a s p l i t-v a le n c e  b a s is  s e t  w ith  
p o la r is a t io n  d -fu n c tio n s  on th e  su lphur and magnesium atoms, th e  3-21G* 
s e t  [120], The c a lc u la tio n s  were a lso  made using  th e  3-21G b a s is  s e t  
[116,117], to  study th e  e f f e c t  of the  d -fu n c tio n s  on the  system.
S ing le  po in t c a lc u la tio n s  were c a r r ie d  out a t  th e  3-21G* optim ised
geom etries, using  th e  6-31G** b a s is  [118], which has p o la r is a t io n  
fu n c tio n s  on every atom.
4 .3  The H artree-Fock Method
The m olecular o r b i t a l s  co n stru c ted  from the  l in e a r  com bination of 
atomic o r b i t a l s  a re  in  tu rn  used to  co n s tru c t the  wave fu n c tio n  of th e  
sp ec ie s . The wave fu n c tio n  i s  formed as a determ inant -  the  S la te r  
determ inant -  so th a t  i t  i s  anti-sym m etric  upon th e  exchange of any two 
s p a t ia l  or sp in  co o rd in a tes ; th i s  i s  a requirem ent of the  p o s tu la te s  of 
quantum m echanics.
-  55 -
I  ( ^ , ( 0  Q ^ a C O  . .  .
4>\ i t )  (f)-i, t z )  . .  ■ ( ^ ^J ^Z )
..
— 1/2n i" i s  a n o rm alisa tio n  fa c to r  fo r  the  wave fu n c tio n .
As the  determ inant has a re g u la r  s t ru c tu re , i t  i s  g en era lly  
w r it te n  in  a more concise form invo lv ing  ju s t  th e  d iagonal terms:
All the c a lc u la tio n s  in  th i s  work have been on c lo se d -sh e ll  
systems, so th e  r e s t r i c te d  H artree-Fock method has been used. In  th i s  
th e re  a re  p a irs  of s p in - o r b i ta ls  d if f e r in g  only in  t h e i r  sp in  -  in  
o th e r words, having id e n t ic a l  s p a t ia l  p a r ts .  This g ives us a 
determ inant as fo llo w s:
Y = \ ( ^ f  1
in  which
where ^ ^  a re  sp in  fu n c tio n s  and i s  the  i th  s p a t ia l  o r b i t a l .
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The energy of the  system can be expressed as:
£ = J Y* lf-1 Y Jlv
where ^  , because we a re  only in te re s te d  in  r e a l  wave fu n c tio n s
and we assume th a t  th e  wave fu n c tio n s  a re  norm alised.
This can be expanded to  g ive :





th e  core o p e ra to r, i s :
H = '  E  -A
This d esc rib es  the  k in e t ic  energy of the e le c tro n s  and the  
n u c le i-e le c tro n  a t t r a c t io n  term s.
J j ,  the  coulomb o p e ra to r i s  defined by:
Mi
This term i s  due to  th e  coulombic rep u ls io n  between e le c tro n s  i  and j
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Kj, th e  exchange o p e ra to r, i s  defined  by:
Ki <pi ^ 0 =  ^ a ^  0-to
This term does not have a c la s s ic a l  in te rp re ta t io n :  i t  i s  th e  exchange 
rep u ls io n  of two e le c tro n s  of th e  same sp in , a consequence of th e  
anti-sym m etry p ro p e r tie s  of the  wave fu n c tio n .
Having defined  th e  t r i a l  wave fu n c tio n  fo r  th e  system, we can now 
use th e  l in e a r  v a r ia t io n  method, which i s  based on th e  v a r ia t io n  
theorem, to  give us th e  b e st s e t  o f c o e f f ic ie n ts  d e fin in g  the  wave 
fu n c tio n . The v a r ia t io n  theorem s ta t e s  th a t  the  low est s ta t e  of a 
p a r t ic u la r  symmetry of a system has an energy lower than  any o th e r wave 
fu n c tio n  of th a t  system . Thus the  c o e f f ic ie n ts  can be changed to  fin d  
the  low est energy form. The equations used to  f in d  t h i s  fu n c tio n , th e  
H artree-Fock equ atio n s, a re :
r  V I C O  +  1  ^  ( 0
or
where F i s  the  Fock o p e ra to r, rep re se n tin g  the  sum of core, coulomb and 
exchange o p e ra to rs  in  th e  square b rack e ts . 0 i  a re  th e  sp in  o r b i t a l s  
and a re  corresponding c o n s ta n ts .
As th e  Fock o p e ra to r , F, i s  i t s e l f  a fu n c tio n  of th e  m olecular 
o r b i t a l s ,  the  b e s t m olecular o r b i t a l s  can be found by an i t e r a t i v e  
procedure in  which the  t r i a l  m olecular o r b i t a l s  a re  guessed a t  and used 
to  c o n stru c t F. The Fock o p e ra to r i s  then used to  fin d  new m olecular 
o r b i t a l s  which in  tu rn  give a new F. This procedure i s  rep eated  u n t i l  
some s o r t  of s e lf -c o n s is te n c y  i s  achieved, th a t  i s  the  0 ,  produced by 
F a re  the  same as the  p rev ious producing F.
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4.4  P ro p e rtie s  Obtained From The Wave Function
Once one has obtained  th e  wave fu n c tio n , i t  i s  p o ss ib le  to  
c a lc u la te  th e  v a lu es  of many m olecular p ro p e r tie s . Most of the  
p ro p e r tie s  th a t  we a re  in te r e s te d  in  a re  o n e -e lec tro n  p ro p e r tie s  and 
a re  c a lc u la te d  by ev a lu a tin g  in te g ra ls  invo lv ing  th e  m olecular o r b i t a l s  
and the  o p e ra to r corresponding to  th e  property  d e s ire d . This 
ex p ec ta tio n  value of th e  p roperty  defined  by o p e ra to r A i s :
<f\> =  tdv)
where P^ Vv* d en sity  m atrix , i s  defined  by
%  C K  %
This d en sity  m atrix  d e fin e s  th e  charge den sity  y ^ (r)  given in  terms of 
the  b a s is  s e t  fu n c tio n s  used in  th e  c a lc u la tio n .
Thus, a l l  th a t  i s  req u ired  to  spec ify  the  property  i s  th e  d en sity  
m atrix  and a s e t  of o n e -e lec tro n  in te g r a ls .
O ne-electron  p ro p e r tie s  inc lude  the d ip o le , quadrupole and o th e r 
h igher moments, th e  m olecular e le c t r o s ta t i c  p o te n tia l  (MEP), the  
e l e c t r i c  f i e ld  g ra d ie n t a t  a nucleus and the  fo rce  exerted  by e le c tro n s  
on a nucleus.
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4 .5  Energy. .Cal o u la tio n a
The to ta l  e le c tro n ic  energy of the system i s  obtained  from the  
wave fu n c tio n , as shown above. This in  tu rn  g ives th e  t o t a l  energy of 
th e  system -  w ith in  th e  Born-Oppenheimer approxim ation -  by a d d itio n  of 
th e  co n stan t n u c lea r rep u ls io n  term . The concom itant o r b i ta l  en e rg ie s , 
, fo r  th e  sp in  o r b i t a l s ,  a re  a lso  d i r e c t ly  given as so lu tio n s  of 
th e  eigenvalue equation :
M <i> I «= G-l
The N low est en erg ies  a re  th e  energ ies  of the  occupied o r b i t a l s ,  
w h ils t the  h ig h e r en erg ies  re p re se n t th e  energy of an e le c tro n  in  th e  
v i r tu a l  o r b i t a l ,  , using  th e  ground s ta te  wave fu n c tio n  Y©
This lead s  us to  a d iscu ss io n  of Koopmans’ theorem [112]. This s ta t e s  
th a t ,  assuming th e  sp in  o r b i t a l s  fo r  tHe ground s ta t e  and th e  io n ised  
s ta t e  a re  id e n t ic a l ,  th e  o r b i t a l  energy of an occupied o r b i t a l ,  6 ;  , 
can be equated to  th e  negative  of the  io n is a tio n  p o te n tia l  fo r  the  
removal of th a t  e le c tro n , and th a t  of a v i r tu a l  o r b i t a l ,  6-r , can be 
equated to  th e  negative  of th e  e le c tro n  a f f in i t y  fo r  th e  ad d itio n  of 
the  e le c tro n  to  th a t  o r b i t a l .  This n e g lec ts  th e  re la x a tio n  of th e  sp in  
o r b i t a l s  of th e  N -e lec tro n  wave fu n c tio n  to  the  optimum N±.1-electron 
wave fu n c tio n  and does not inc lude  c o rre la tio n  e f f e c ts  e i th e r .  These 
c o r re la t io n  e r ro r s  tend to  reduce th e  e r ro r  in  th e  io n is a t io n  p o te n tia l  
va lue, but in c rease  i t  in  th e  e le c tro n  a f f in i ty  r e s u l t s ;  th e re fo re  
e le c tro n  a f f in i t y  c a lc u la tio n s  v ia  Koopmans’ theorem a re  not g en era lly  
attem pted fo r  H artree-Fock wave fu n c tio n s .
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4.6 P opu la tion  Analysis.
An e le c tro n ic  charge assigned  to  th e  v a rio u s  atoms in  a molecule
would be u se fu l to  p re d ic t  th e  s u s c e p t ib i l i t i e s  of th e se  to
e le c tro p h i l ic  o r n u c leo p h ilic  a t ta c k . However, although th i s  i s  an
easy concept to  g rasp , i t  i s  no t a physical observab le . Because i t  i s
such a simple no tio n , th e re  have been v a rio u s  schemes proposed to
compute such charges. These give r i s e  to  the  v a rio u s  popu la tion
a n a ly s is  schemes. The commonest of th ese  i s  the  M ulliken popu la tion
a n a ly s is  [112]. The e le c tro n ic  popula tion  on a p a r t ic u la r  atom. A, i s  
_  2given by ^i^A i  ^ p a r t ic u la r  m olecular o r b i t a l  and the  
overlap  popu la tion  between two atoms, A and B, i s  given by 
^  ?“ i ° A i ° B i X ^ g r o s s  atom ic popula tion  i s  obtained  by 
assuming th a t  th e  overlap  popu la tion  can be equally  d iv ided  between the  
two atoms, so th a t  th e  t o t a l  atom ic population  i s  th e  sum of the  n e t 
atomic popu la tion  and h a lf  of th e  overlap  pop u la tio n s . To o b ta in  th e  
t o t a l  atom ic charge, th e  n u c lea r charge, Z^, i s  added to  th e  g ross 
atom ic p o p u la tio n :
V
The numbers obtained by using  th i s  process a re  very dependent on 
the  b a s is  s e t .  That i s ,  i f  more b a s is  fu n c tio n s  a re  placed on one 
c en tre  than  ano ther, th e  popu la tion  r e s u l t s  w il l  be d is to r te d , s in ce  in  
the  extreme l im i t ,  w ith  a l l  b a s is  fu n c tio n s  on one c e n tre , a l l  th e  
e le c tro n ic  charge i s  a sso c ia te d  w ith  th a t  one atom. For th i s  reason 
th e  M ulliken popu la tion  v a lu es  quoted in  th i s  work have been used fo r  
i l l u s t r a t i v e  purposes in  th e  d iscu ss io n , to  support o th e r 
o b se rv a tio n s .
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4 .7  M olecular E le c tr o s ta t ic  Potential
The idea of a charge a sso c ia te d  w ith a p a r t ic u la r  a rea  of space 
can be explored by using  the  e le c tro n ic  den sity  fu n c tio n :
p i r ' )  =  | V )
y ^ r )  i s  the  average number of e le c tro n s  in  a u n it  volume element 
a t  p o in t r .  This can be lo c a lis e d  to  a c e r ta in  reg ion  by in te g ra t in g  
over th a t  reg ion  of space. Thus th e  n e t charge on atom A i s  th en :
H.A -  Z a  -  ^  1^(0  d r
A
where th e  in te g ra t io n  i s  over th e  reg ion  of space a sso c ia te d  w ith  th a t  
atom. There i s  s t i l l  an a r b i t r a r y  d ec is io n  over what th i s  reg ion  
a sso c ia ted  w ith  a g iven atom might be, as th e re  a re  no ru le s  d e fin in g  
an atom in  a p a r t ic u la r  m olecule. This can be bypassed by fo rg e tt in g  
about the  c o n s ti tu e n t atoms of the  molecule and co n cen tra tin g  in s te a d  
on the  form of th e  e le c tro n  d en sity  over the  whole m olecule, e i th e r  in  
a given plane o r a t  p a r t ic u la r  p o in ts  in  space, such as maxima and 
minima in  the  d en sity  d is t r ib u t io n .
Atomic charges a re  u su a lly  used to  in v e s t ig a te  the  in te r a c t io n  in  
e le c tro p h i l ic  and n u c leo p h ilic  re a c tio n s , assuming th a t  e le c tro p h i le s  
w il l  approach the  more neg a tiv e  atoms and n u c leo p h iles  the  more 
p o s i t iv e . The e le c t r o s t a t i c  in te ra c t io n  in  th ese  cases i s  obviously  
th e  im portant p o in t. T herefore we a re  r e a l ly  in te re s te d  not so much in  
the  charge d en sity  as th e  e le c t r o s t a t i c  p o te n tia l  which i s  due to  the  
e le c tro n s  and n u c le i of th e  system. The c a lc u la te d  atomic charges 
provide a po in t-ch arg e  re p re se n ta tio n  of t h i s ,  using  a coulombic q / r  
summation, but the  e le c t r o s t a t i c  p o te n tia l  can in  f a c t  be c a lc u la te d  
d i r e c t ly  from the  wave fu n c tio n , w ithout the  am b igu ities  in h e ren t in
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th e  atomic charge c a lc u la tio n s . This i s  defined  by the  equation  [121]
V  C r )  =
The f i r s t  term i s  th e  coulombic in te ra c t io n  between th e  n u c le i and 
a po in t p o s itiv e  charge a t  r .  The second term i s  th e  in te r a c t io n  
between th e  p o in t charge and th e  e le c tro n  d en sity  fu n c tio n  yO ( r ) .  This 
p roperty  i s  u su a lly  dep icted  as a contour diagram in  the  plane of the 
m olecule, o r in  any o th e r  plane of i n t e r e s t .  The in te r p r e ta t io n  of the  
m olecular e le c t r o s t a t i c  p o te n tia l  fu n c tio n  has been p a r t ic u la r ly  
su ccess fu l in  ex p la in in g  e le c t r o p h i l ic  re a c tio n s , as  th e  po in t charge 
i s  analogous to  a p ro ton .
The m olecular e le c t r o s ta t i c  p o te n tia l  (MEP) i s  a physica l 
observab le , u n lik e  atomic charge: i t  can be measured in  e le c tro n  
s c a tte r in g  experim ents, where th e  in c id e n t speed of the  e le c tro n  beam 
i s  high [122]. At high c o l l i s io n a l  speeds, th e  e le c tro n ic  charge 
d is t r ib u t io n  a sso c ia te d  w ith  the  molecule cannot change f a s t  enough to  
be pertu rbed  by th e  approaching p o in t charge (th e  e le c tro n ) ,  so the  
Born-Oppenheimer assum ption i s  a good approxim ation of th e  s i tu a t io n .
In th i s  case, the  e l e c t r o s ta t i c  p o te n tia l  ob tained  from a m olecular 
o rb i ta l  c a lc u la tio n , based on th e  unperturbed charge d i s t r ib u t io n 's  
in te r a c t io n  w ith  a p o in t charge i s  a f a i r l y  accu ra te  in d ic a tio n  o f th e  
r e s u l ta n t  in te r a c t io n .
The MEP has been used in  many s tu d ie s  of th e  re a c tio n s  of 
m olecules in  a b io lo g ic a l co n tex t, notably  by W ein s te in 's  group [123], 
who s e t  out to  sy s te m a tic a lly  exp lo re  the  ex ten ts  and l im ita t io n s  of 
the  method. They found th a t  sm all b a s is  s e ts  gave q u a l i ta t iv e ly  th e  
same e le c t r o s ta t i c  p o te n t ia ls  as la rg e r  bases [124]; even 
pseudopo ten tia l c a lc u la tio n s  can give a good d e sc r ip tio n  of th i s
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property  [125]. However, i t  i s  tru e  th a t  th e  MEP can be b a sis  
se t-dependent when th e re  a re  sm all d if fe re n c e s  in  energy between 
re a c tiv e  s i t e s  [126], bu t i t  i s  r e l ia b le  as a q u a l i ta t iv e  instrum ent 
fo r  determ ining th e  g ross  fe a tu re s  of th e  in te r a c t io n  when th e  
in te r a c t io n  i s  predom inantly e le c t r o s ta t i c  in  n a tu re . This in te r a c t io n  
can be d iv ided  in to  components by methods such as th e  Morokuma 
decom position a n a ly s is  of the  in te ra c t io n  energy o f superm olecules 
[127]. These components in c lu d e  not ju s t  e l e c t r o s ta t i c  term s, but 
p o la r is a t io n , charge t r a n s fe r  and exchange en e rg ie s . Although the  
l a t t e r  term s can be im portan t in  determ ining th e  in te ra c t io n  of 
m olecules a t  c lo se  q u a r te rs , th e  e le c t r o s ta t i c  re p u ls io n s  and 
a t t r a c t io n s  a re  g en era lly  th e  dominant c o n tr ib u tio n s  a t  la rg e r  
d is ta n c e s : th e re fo re  th e  e le c t r o s ta t i c  p o te n tia l  i s  o ften  a r e l ia b le  
guide fo r  th e  i n i t i a l  in te ra c t io n s  of m olecules, such as which s i t e  on 
a molecule w il l  be a ttack ed  by an e le c tro p h i le .
As a q u a l i ta t iv e  y a rd s tic k , th e  MEP i s  u se fu l. However, th e re  a re  
c e r ta in  q u a l i f ic a t io n s  which must be placed on th i s  in te rp re ta t io n :  th e  
MEP i s  dependent on th e  n u c lea r geometry of th e  wave fu n c tio n , th a t  i s ,  
i t  i s  not pertu rbed  by th e  p o in t charge. A more r e a l i s t i c  measure of 
the  e le c tro p h i l ic  re a c tio n  would be to  c a lc u la te  th e  wave fu n c tio n , 
in c lu d in g  the  e le c tro p h i le ,  a t  many p o in ts  on th e  su rface . This i s  
obviously p ro h ib it iv e ly  expensive fo r  almost a l l  cases, as an SCF 
c a lc u la tio n  i s  req u ired  a t  every p o in t, whereas only one c a lc u la tio n  i s  
needed fo r  th e  MEP r e s u l t s .
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4 .8  Geometry Optimisation
The main problem in  a la rg e  molecule c a lc u la tio n  i s  th e  q u a li ty  of 
th e  r e s u l ta n t  wave fu n c tio n , as  t h i s  i s  u su a lly  ca lc u la te d  using  a 
minimal b a s is  s e t .  W hilst b a s is  s e ts  such as th e  ST0-3G one [114,115] 
a re  f a i r l y  good a t  p re d ic tin g  geom etries, th e  p ro p e r tie s  and e n e rg ie s  
c a lc u la te d  can be in a c c u ra te . However, th e  tren d s  d isp layed  by 
p ro p e r tie s  amongst a s e r ie s  of m olecules tend to  p resen t a more 
r e a l i s t i c  p ic tu re .  I t  i s  of doub tfu l value to  re p o r t th e  minimal b a s is  
c a lc u la tio n  en erg ies  and p ro p e r tie s  of a s in g le  m olecule, bu t t h i s  need 
not s top  us from comparing th ese  r e s u l t s  to  a s im ila r  chemical 
sp e c ie s . For in s ta n c e , although energy d iffe re n c e s  do not s u f fe r  
v a r ia t io n a l  c o n s tr a in ts ,  t h e i r  e r ro r  i s  u su a lly  much le s s  than the 
corresponding m olecular t o t a l  e n e rg ie s , so re a c tio n  paths can be 
s tu d ied  w ith  some confidence, u sing  q u ite  p rim itiv e  b a s is  s e ts .  This 
b rings us to  th e  su b jec t o f re a c tio n  hypersu rfaces and geometry 
o p tim isa tio n .
The to ta l  en erg ies  of th e  system being in v e s tig a te d  can be used to  
study th e  re a c tio n  su rface  of a group of atoms. At a f a i r l y  lo c a l 
le v e l ,  t h i s  can provide in fo rm ation  on chemical re a c tio n s , whereas, on 
a globsûL le v e l ,  i t  g ives d e ta i l s  on a l l  the  isom eric  forms of the  
c o n s ti tu e n t atoms. This ra p id ly  becomes com plicated w ith  an in c re as in g  
number of atoms, so most work i s  done on s ta t io n a ry  p o in ts  and re a c tio n  
paths on th e  su rface .
Most s tu d ie s  of energy su rfa ce s  attem pted nowadays use geom etrical 
param eters to  define  th e  su rface  co o rd in a tes . This has become common 
s in ce  th e  methods proposed by Pulay [128] have been included in  
autom atic computer programs, such as GAUSSIAN 80 [129] and GAUSSIAN 82
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[130]. Pulay suggested a scheme fo r  determ ining th e  fo rce s  ex erted  by 
the  e le c tro n s  on th e  n u c le i by a n a ly t ic a l  means. The energy 
d e r iv a tiv e s  w ith  re sp ec t to  th e  n uc lear coo rd ina tes  a re  c a lc u la te d  from 
th e  wave fu n c tio n . The main advantage of th i s  method, as po in ted  out 
by Pulay h im self, i s  th a t  a c a lc u la tio n  a t  one p o in t on th e  su rface  
y ie ld s  3M-6 fo rc e s , a s  opposed to  one energy r e s u l t .  (M i s  th e  number 
of atom s). To c a lc u la te  3M-6 e n e rg ie s  a t  3M-6 p o in ts  on the  su rface  
would take considerab ly  lo n g er, fo r  much the  same in fo rm atio n a l v a lu e .
There a re  th re e  geometry o p tim isa tio n  techniques used by GAUSSIAN 
82 -  the  program which I  have used th e  most. These a re  th e  
F le tcher-P ow ell [131], Berny [132] and M urtaugh-Sargent [133] 
a lgo rithm s. The F le tcher-P ow ell procedure uses ju s t  th e  energy and 
performs num erical d i f f e r e n t ia t io n s .  The o th e r two use a n a ly t ic a l  
g rad ien t c a lc u la tio n s , based on P u lay 's  work, to  give in fo rm ation  on 
th e  slope and cu rv a tu re  of the  energy hypersu rface . The d iffe re n c e  
between the  two i s  not in  th e  method of c a lc u la tio n  of th e  fo rc e s , but 
in  the  d e term ina tion  of th e  next geometry to  be t r i e d .  The Berny 
a lgorithm  uses an i n i t i a l  guess a t  the  second d e r iv a tiv e  m atrix  (th e  
Hessian) which i s  based on em p irica l v a lues, g iv ing  a d iagonal, 
approximate fo rce  co n stan t m a trix . This works w ell fo r  simple 
s t ru c tu re s ,  but does not g ive  a very r e l ia b le  s t a r t  fo r  more unusual 
sp ec ie s , such as c y c lic  m olecules. The f i r s t  p o in t c a lc u la tio n  fo r  
th ese  can be improved by d i r e c t ly  c a lc u la tin g  some of the  second 
d e r iv a tiv e s . This i s  achieved by d isp lac in g  th e  re le v a n t geometry 
v a ria b le  a small amount and c a lc u la tin g  a new energy a t  th is  p o in t. 
T his, along w ith th e  energy and g rad ien t a t  th e  o r ig in a l v a r ia b le  value 
can be used to  c a lc u la te  th e  d iagonal fo rce  co n stan t. The o ff-d iag o n a l 
elem ents of th e  second d e r iv a tiv e  m atrix  can a lso  be c a lc u la te d  i f  th e  
g ra d ie n t i s  c a lc u la te d  a t  th e  stepped v a ria b le  p o in t, but th is  i s  
obviously slow er. Thus, a s ta r t in g  H essian m atrix  can be constructed
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which i s  a m ixture of em pirica l and c a lc u la te d  v a lu e s . I t  may co n ta in  
a l l  the  elem ents o f th e  m atrix  fo r  v a r ia b le s  which a re  thought to  be 
p a r t ic u la r ly  c r u c ia l .  The b e s t i n i t i a l  H essian would be a f u l l  fo rce  
co n stan t m atrix , ob tained  by co n sid erin g  every v a r ia b le  in  tu rn , o r , as 
i s  more l ik e ly ,  from a p rev ious c a lc u la tio n  a t  a lower le v e l .
The o p tim isa tio n  of c y c lic  geom etries i s  very dependent on the  
choice of Z -m atrix  v a r ia b le s ,  because of th e  re lia n c e  of the  
co n stru c ted  H essian on th e se  v a r ia b le s .  This may lead  to  h eav ily  
coupled in te rn a l  co o rd in a tes , u n le ss  they a re  chosen c a re fu l ly .
S chlegel has po in ted  out [134] th a t ,  even in  th e  simple case of a 
six-membered r in g , a seq u e n tia l l i s t  of f iv e  bond le n g th s  and 4 bond 
ang les  -  w h ils t p e r fe c t ly  w ell d esc rib in g  any p a r t ic u la r  p lan ar 
geometry -  a f f e c t  th e  s ix th  assumed bond d is ta n ce  in  an a d d itiv e  
manner; th a t  i s ,  fo r  r e l a t iv e ly  sm all changes in  th e  va lues of th ese  
v a r ia b le s , th e  rem aining atom to  atom d is tan ce  can vary w ild ly . This 
does no t make m a tte rs  easy fo r  th e  op tim ising  procedure. A b e t te r  
geometry can be defined  by sp ec ify in g  a c ro s s -r in g  atom to  atom 
d is tan ce  and then  c o n s tru c tin g  th e  o th e r  fou r atom ic p o s itio n s  w ith  
independent ang les to  th i s  f i r s t  v a r ia b le .
I f  th e  Berny procedure s t i l l  f a i l s  to  f in d  a s ta t io n a ry  p o in t on 
th e  su rface , then  th e  M urtaugh-Sargent method can be t r i e d .  This uses 
no em pirica l v a lues fo r  th e  H essian and s t a r t s  w ith a sim ple u n it  
m atrix . The method i s  much slow er than the  Berny one, but i t  w il l  
u su a lly  be more s ta b le  ( th a t  i s ,  th e  energy v a lues should improve each 
tim e ).
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Almost a l l  th e  in h ib ito ry  m olecules s tu d ied  have had some form of 
c y c lic  s t ru c tu re .  I t  was very  d i f f i c u l t  to  f in d  an op tim ised , 
s ta t io n a ry  p o in t fo r  many o f them, e sp e c ia lly  coumarin.
4.9 The S tra teg y  Of The C alcu la tions.
The aim of th e  c a lc u la tio n s  was to  provide in form ation  on both the  
re a c tiv e  mechanism of the  g ly o x a lase  I  enzyme and on th e  in h ib i to r s  of 
i t .  These two to p ic s  re q u ire  d i f f e r e n t  approaches; th e  mechanism has 
been in v e s tig a te d  by using  a model re a c tio n  scheme of th e  re a c tiv e  
ro u te  v ia  th e  proposed re a c tiv e  in te rm e d ia te s . This req u ired  a good 
c a lc u la tio n , in c lu d in g  p o la r is a t io n  fu n c tio n s  on the  second row atoms. 
The in h ib i to r  c a lc u la tio n s  could not be c a rr ie d  out using anything 
la rg e r  than a minimal b a s is  s e t ,  as th e re  a re  too  many atoms in  them. 
The exam ination of th e  re a c tio n  scheme re q u ire s  f u l l  optim ised geometry 
c a lc u la tio n s  a t  every p o in t of in t e r e s t  on th e  su rfa c e . The 
o p tim isa tio n  of th e  geom etries o f th e  in h ib i to r  molecules, could not be 
re a l is e d  to t a l l y ;  th e  basic  sk e le to n  of th ese  was op tim ised , but th e  
su b s ti tu e n t groups could not be v a ried  along w ith  the  sk e le to n  in  every 
case, because of th e  tim e l im i t s  imposed on th e  work. This i s  not as 
d ra s t ic  a s t r i c tu r e  as i t  a t  f i r s t  seems, as i t  was found th a t  th e  form 
of th e  MEP was not much a ffe c te d  by th e  s tru c tu re  of th e  compound, once 
the  fo rce s  c a lc u la te d  to  be on th e  atoms was le s s  than  0.04 a .u .[1 3 5 l.  
The minima in  th e  MEP occur a t  th e  same p laces , but vary in  depth, 
depending on the  wave fu n c t io n 's  q u a li ty ,  but q u a l i ta t iv e ly  th e  MEP has 
the  same form.
_____
— 6 8  —
In  th i s  work th e re  i s  very l i t t l e  in form ation  a v a ila b le  on th e  
n a tu re  of th e  a c tiv e  s i t e  s t ru c tu re .  The e x c e lle n t work o f M annervik's 
group has provided some p o in te rs  to  th e  probable co o rd in a tio n  around 
th e  z inc  atom of th e  a c tiv e  s i t e  [67-69], bu t no X-ray c ry s ta l  
s tru c tu re  of th e  enzyme has been rep o rted . I t  was not p o ss ib le  to  
carry  out any superm olecule c a lc u la tio n s  invo lv ing  th e  model re a c tio n  
in te rm ed ia tes  or th e  in h ib i to r s  w ith  a c tiv e  s i t e  re s id u es , as th ese  
re s id u es  and th e i r  r e la t iv e  p o s itio n s  a re  not known. A more 
q u a l i ta t iv e  approach, in  which the  MEP of th e  in h ib i to r s  were compared 
to  each o th e r , o r to  th e  model scheme, was t r i e d .
As g lyoxalase  I  i s  such an e f f ic ie n t  enzyme [136], i t  seems 
reasonab le  -  i f  we assume th a t  th e  in te ra c t io n  i s  la rg e ly  e le c t r o s ta t i c  
in  na tu re  -  th a t  th e  b inding of th e  su b s tra te  would occur a t  a tem plate 
reg ion  of th e  a c tiv e  s i t e ,  in  which th e  e le c t r o s ta t i c  p o te n tia l  was 
complementary to  th a t  of th e  su b s tra te  [137]. T herefore , i t  may be 
p o ss ib le  to  p re d ic t the  n a tu re  o f th e  a c tiv e  s i t e  by comparing th e  d a ta  
obtained from model in te rm ed ia te  and in h ib i to r  c a lc u la tio n s . As i t  i s  
d i f f i c u l t  to  d ir e c t ly  compare a n e u tra l in h ib i to r  molecule w ith  an 
an ion ic  sp ec ie s  fo r  which th e  e le c t r o s ta t i c  p o te n tia l  i s  negative  
o u ts id e  th e  van der Waals su rface  in  a l l  d ire c tio n s , the  in fo rm ation  
gleaned from th e  in h ib i to r s  must be processed sep a ra te ly  from th a t  fo r  
th e  model re a c tio n , or compared only to  th e  n e u tra l in te rm e d ia te s . By 






The study of th e  in h ib i to r  m olecules in  th i s  work was based 
la rg e ly  on the  exam ination o f th e  m olecular e le c t r o s ta t i c  p o te n tia l  
surrounding them. The method adopted in  the  e a r l i e s t  s tu d ie s  co n sis ted  
of c a lc u la tin g  th e  m olecular e le c t r o s ta t i c  p o te n tia l  on a g rid  of 
p o in ts  d e fin in g  a p lan ar s e c tio n  through th e  m olecule. This used a 
m odified GAUSSIAN 80 program [138] which in c lu d es  th e  DENPOT program 
[1393 in  overlay 6. Thus contour p lo ts  of Y (r) in  th e  m olecular p lane 
could be drawn. I t  soon became obvious th a t  a more u se fu l d e p ic tio n  of 
the  e le c t r o s ta t i c  p o te n tia l  due to  th e  m olecules could be c rea ted  i f  a 
th ree-d im ensional re p re se n ta tio n  was a v a ila b le . This re p re se n ta tio n  i s  
even more e s s e n t ia l  fo r  non-p lanar m olecules.
To d isp lay  a p roperty  defined  by a th ree-d im ensional co o rd ina te  
system, in s te ad  of a tw o-dim ensional g r id , re q u ire s  an id e n t i f ia b le  
fo u rth  value or p roperty  which can be a sso c ia ted  w ith  any given p o in t 
on th e  su rface  of th e  th ree-d im ensional o b je c t. The contour l in e s  of a 
p lan ar s e c tio n  become sh ee ts  in  th re e  dimensions and th ese  cannot ju s t  
be la b e lle d  w ith  an a p p ro p ria te  number, as  they a re  on th e  p lan ar 
contour maps, as th i s  g ives too  com plicated a diagram to  be of any 
use. The answer to  th i s  i s  to  use co lour coding in s te a d  of la b e l l in g  
on th e  diagram. The use of co lour can be thought of as adding an e x tra  
dimension to  any n-dim ensional re p re se n ta tio n  of in fo rm ation . For 
in s ta n c e , the  d ep ic tio n  of a p ro p erty , p, based on two c o o rd in a te s , x 
and y, can be d isp layed  e i th e r  as a colour-coded contour map o f exact 
l in e  values o r as a c o lo u r - f i l le d  p lo t of a l l  v a lues of p between two 
border v a lu es . Each (x ,y ) p o in t in  the  re p re se n ta tio n  can have a 
co lour a sso c ia ted  w ith  i t  which corresponds to  th e  value of p a t  th a t  
p o in t. Both of th ese  techn iques have been used on geographical su rface  
contour maps. L ikew ise, a th ree-d im ensional su rface  can be
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colour-coded to  provide more in fo rm ation , e i th e r  as coloured contour 
sh ee ts , o r as a co lour-coded su rfa c e . Both of th e se  re p re se n ta tio n s  
have been used to  d e p ic t p ro p e r tie s  of m olecules on a co lour te rm ina l 
screen  [109-1113
B efore th e  reasons behind th e  p a r t ic u la r  method th a t  has been 
chosen can be p resen ted , i t  i s  necessary  to  l i s t  th e  re so u rces  
a v a ila b le  and th e  l im ita t io n s  imposed on the  program by th ese  
re so u rce s ; th e  dev ices a t  our d isp o sa l fo r  th e  purpose of d isp lay in g  
the  p ro p e r tie s  a re  a T ektronix  4170 graph ics coprocessor and a #
T ektronix  4109 te rm in a l, coupled to  a T ektronix 4695 co lour p lo t te r .
This forms a s e lf -c o n ta in e d  system fo r  g raph ics work, as th e  4170 runs 
CP/M-86, a v e rs io n  o f th e  w idely used CP/M o p e ra tin g  system, allow ing 
the  complete m anipulation  -  from w ritin g  to  running -  o f FORTRAN-86 
programs. FORTRAN-86 i s  a v e rs io n  of FORTRAN designed to  run on an 
8086 m icroprocessor. A s e t  of FORTRAN-callable su b ro u tin es , th e  DTI 
(D irec t Terminal In te r fa c e )  package, can be used fo r  g raph ics  purposes; 
th ese  correspond to  each of th e  te rm in a l 's  d isp lay  commands, g iv in g  an 
easy in te r fa c e  to  th e  te rm in a l 's  f e a tu re s .
The term inal i s  a r a s t e r  device w ith a 4 - b i t  frame b u ffe r . This 
means th a t  each p o in t, o r p ix e l, on th e  screen  i s  accessed 
se q u e n tia lly , l ik e  a te le v is io n ,  allow ing a reas  o f co lour to  be 
produced. This i s  not p o ss ib le  w ith  a v ec to r d isp la y , which can only 
draw and move from a s ta r t in g  to  a f in ish in g  p o in t, l ik e  a pen 
p lo t te r .  This a b i l i ty  to  d isp lay  so lid  co lours allow s r e a l i s t i c  
re p re se n ta tio n s  of th ree-d im ensional o b je c ts  to  be produced. More 
so p h is tic a te d  (and expensive) r a s t e r  te rm in a ls  have more b it-p la n e s  
than  the  4109. This allow s the  d isp lay  of more co lours than the
s ix te en  a v a ila b le  to  u s , as a r a s t e r  device w ith n b it-p la n e s  can |
n Id isp lay  2 co lours  a t one tim e. Thus, th e  e f f e c ts  of l i g h t ,  such as
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h ig h lig h tin g  and shading can be dep icted  to  give even more r e a l i s t i c  
p ic tu re s .  This i s  not f e a s ib le  on our te rm in a l, u n le ss  the  p ic tu re  i s  
monochromatic•
The 4109 a lso  has good p ic tu re  m anipulation in  two dimensions v ia  
th e  segm entation p ro p e r tie s  of th e  te rm in a l, so th a t  p ic tu re s  can be 
scaled  and transform ed, o r s to red  in  te rm inal memory and re-drawn a t  a 
l a t e r  s ta g e . In te ra c t iv e  communication w ith  th e  te rm ina l i s  provided 
through a jo y -d isc -c o n tro lle d  cu rso r, which can pick  item s from th e  
sc reen .
We wished to  use a l l  th e se  fe a tu re s  in  a simple in te r a c t iv e  
program, allow ing th e  d isp lay  of m olecular p ro p e r tie s  in  an e a s i ly  
understandable form at, and th e  subsequent m anipulation  of the  m olecules 
on th e  screen , in c lu d in g  s c a lin g  and r o ta t io n .
As mentioned be fo re , th e re  a re  two p o ssib le  ways of rep re sen tin g  
m olecular p ro p e r tie s  on th e  g raph ics  te rm in a l: as contour sh ee tin g  or 
as a coded su rface  w ith a re a s  of co lour where the  v a rio u s  contour 
sh ee ts  in te r s e c t  th e  su rfa c e . The coloured sh ee tin g  method has been 
used in  th e  ChemGraf program [109] to  rep re se n t th e  charge d is t r ib u t io n  
around a m olecule. I t  i s  very d i f f i c u l t  to  in te r p r e t ,  e sp e c ia lly  i f  
more than about th re e  contour le v e ls  a re  used. Unless th e  view er has a 
good v is u a l is a t io n  of th ree-d im ensional o b je c ts , th e  r e s u l t in g  p lo ts  
w il l  not provide much u sefu l in form ation  w ithout co n sid e rab le  mental 
e f f o r t  on h is  p a r t .  The second method, of a colour-coded su rface  has 
a lso  been used in  ChemGraf: a colour-coded chicken-w ire mesh can be 
co n structed  around a m o lecu le 's  van der Waals su rfa c e . This i s  a lso  
d i f f i c u l t  to  in te r p r e t ,  as th e  program draws the  whole of the  
chicken-w ire mesh, both back and f r o n t .  This can lead  to  o p tic a l 
e f f e c t s  s im ila r  to  th e  Necker cube i l lu s io n  [140], in  which the  viewer
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i s  not c e r ta in  which i s  th e  back and which i s  th e  f ro n t of the  
co n structed  su rfa c e . Again, co n sid erab le  mental e f f o r t  i s  req u ired  to  
e x tra c t  in fo rm ation  from th e  p lo t .  The confusion over which su rface  i s  
which on th e  chicken-w ire mesh could be remedied by implementing a 
h id d en -lin e  removal a lgorithm  which considered the  polygons formed by 
th e  mesh l in e s  to  be opaque, e lim in a tin g  th e  re a r  l in e s  of th e  mesh.
The main fe a tu re  o f a r a s te r  te rm inal i s  i t s  a b i l i ty  to  f i l l  a reas  
w ith  a s o lid  co lou r o r p a t te rn . This i s  because each add ressab le  
p o in t, o r p ix e l, in  a re c ta n g u la r  m atrix , o r r a s te r ,  covering the  
screen  i s  assigned  a co lo u r. This co lour can form p a r t  of a p ic tu re , 
o r can be the  background co lo u r. In  c o n tra s t ,  a v e c to r  device does not 
s to re  d e ta i l s  of th e  whole sc reen , po in t by p o in t, i t  s to re s  a l in e a r  
l i s t  of lo c a tio n s  which d e fin e  the  p ic tu re  in  terms of move and draw 
commands, l ik e  a pen p lo t t e r .  The a b i l i ty  of a r a s t e r  device to  f i l l  
a re as  w ith  co lour has been u t i l i s e d  in  the g raph ics  program. As th e  
re p re se n ta tio n s  obtained  u sing  meshes were not s a t i s f a c to r y ,  th e  use of 
co lour could improve th e  d isp la y  by making the  polygons defined  by th e  
mesh framework opaque, obscuring the  back of th e  o b je c t . I f  th e  
p ic tu re  i s  co n stru cted  not out of l in e s ,  bu t out of th e  polygon 
su rfa ce s  between th e  l in e s ,  then  a s o l id ,  s tru c tu re d  image i s  the  
r e s u l t .  Also, i f  th e  polygons a re  drawn in  o rder from th e  re a r ,  then  
th e  polygons n e a re s t th e  observer w il l  obscure th e  a re as  a t  th e  back, 
avoiding the  i l lu s io n s  c rea ted  by th e  mesh re p re se n ta tio n . This ju s t  
invo lves th e  computing time necessary  fo r  a depth p r io r i ty  s o r t ,  th a t  
i s  an o rdering  of th e  polygons depending on th e  z -c o o rd in a te ; th e re  i s  
no need to  indulge in  com plicated and time-consuming h id d en -su rface  
c a lc u la tio n s . Thus, i t  was decided to  w rite  a program which drew 
su rfa ce s  co n stru cted  of colour-coded polygons. This could d ep ic t a 
property  on th e  van d e r Waals su rface  of a molecule by a coloured dot 
on the  su rface  a t  th e  p o in t th a t  th e  property  had been c a lc u la te d . I f
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th ese  d o ts  were s u f f ic ie n t ly  c lo se  to g e th e r, then  they would form a 
polygonal mesh, obscuring th e  back of th e  molecule as  d e s ire d . 
A lte rn a tiv e ly , th e  back of th e  molecule could be hidden by using  a 
c o a rse r mesh of p o in ts , bu t making th e  re p re se n ta tiv e  d o ts  la rg e r ,  
u n t i l  they ad jo in  each o th e r . This lead s  to  a s l ig h t  d is to r t io n  o f th e  
in fo rm ation  p resen ted , a s  th e  co lour of the  dot only re p re se n ts  th e  
ca lc u la te d  p roperty  a t  i t s  c e n tre , bu t a compromise can be reached 
between the  s iz e  of th e  dot and th e  c a lc u la tio n  o f p ro p e r tie s  w ithout 
too much lo s s  of d e t a i l .  To give a b e t te r  idea  of th e  shape of the  
su rfa c e , the  d o ts  could be rep laced  by d is c s  ta n g e n t ia l  to  th e  su rface  
a t  th a t  p o in t, b u t, as a r a s t e r  te rm ina l has a f i n i t e  number of 
addressab le  p o in ts , c i r c u la r  d is c s  cannot be drawn p ro p erly , so i t  was 
decided to  use f i l l e d  polygons in s te ad  of d is c s . Two types of polygon 
were chosen: a simple square, fo r  rap id  co n stru c tio n  of th e  su rfa c e , 
and an octagon, which i s  f a i r l y  s im ila r  in  shape to  a d isc , fo r  f in a l  
p ic tu re s .
The method chosen was to  d e p ic t the  p roperty  a t  any p o in t (x ,y ,z )  
by a coloured polygon, normal to  th e  v e c to r (xn yn z n ) . The s iz e  of 
th e  p ic tu re  could be changed, as  could the  s iz e  of th e  polygons, 
a llow ing th e  amount of a rea  th e se  cover on th e  m olecular su rface  to  be 
a l te re d .  This method i s  f a c i l i t a t e d  by the  f a c t  th a t  a copy of the  MS 
program w rit te n  by Connolly [141] i s  a v a ila b le  on th e  St Andrews VAX. 
This ou tpu ts  co o rd in a tes  and u n it v ec to rs  p e rpend icu la r to  the  su rface  
c a lc u la te d . This Connolly su rface  i s  c a lcu la ted  by r o l l in g  a probe 
sphere around the  atoms concerned to  give a so lv e n t-a c c e ss ib le  volume, 
or a van der Waals su rface  i f  th e  probe ra d iu s  i s  zero  [142]. The 
co o rd in a tes  can be in p u t to  a m odified GAUSSIAN 80 [143], to  c a lc u la te  
the  e le c t r o s ta t i c  p o te n tia l  a t  those  p o in ts  and th e  r e s u l t s  combined to  
produce the  d a ta f i le  fo r  th e  d isp lay  program.
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5.1 Program Method
The basic  id ea  of th e  program transform s i s  to  a lig n  a square (o r 
o th e r polygon), cen tred  a t  th e  o r ig in  and p a r a l le l  to  th e  zzO plane so 
th a t  i t  i s  a t  (x ,y ,z )  and p erp en d icu la r to  a v e c to r (a b o ) . The 
square i s  then  transform ed by a p e rsp ec tiv e  transform , to  g ive a more 
r e a l i s t i c  p ic tu re  and colour-coded , according to  the  con touring .
The tran sfo rm atio n  procedure i s  given below;
Consider a square cen tred  a t  (0 ,0 ,0 )  and in  th e  z=0 p lane. We must 
ro ta te  about th e  x and y axes to  map the  u n it v ec to r z=1 onto th e  u n it 
v ec to r (a  b o) and then  t r a n s la te  i t  to  (x ,y ,z ) .
The ro ta t io n  m atrices  a re ;
*1 0 0 0
0 c/v -b /v 0
0 b/v o/v 0
^0 0 0 1
"v 0 -a n  :
0 1 0
a 0 V 0 1
J3 0 0 u
—  7 6  —
R^  i s  a ro ta t io n  of th e  u n it  v e c to r z=1 by 6 about th e  y ax is  to  
give th e  x-component, a . The r e s u l ta n t  u n it  v e c to r i s  ro ta te d  by G 
about th e  x -ax is  to  g ive th e  y - and z-componenta, b and c. This 
ro ta te s  th e  z=1 v e c to r  so th a t  i t  i s  p a r a l le l  to  ( a f b ,o l .
To t r a n s la te  th e  v e c to r  to  ( x ,y ,z ) ,  th e  m atrix  i s ;
1 0 0 0
0 1 0 0
0 0 1 0
X y z L
Therefore th e  f u l l  tran sfo rm a tio n  i s ;
[X’ Y* Z* 13 [X Y Z 13 «1 «2
[X Y Z 1] V -ab /v -a c /v
0 c/v -b /v 0
a b c 0
X y z 1
So,
X» = V X + a Z + X
Y' = -ab /v X + c /v Y + b Z + y
Z* = -a c /v X -  b/v Y + c Z + z
-  77 -
New, fo r  a square 100 u n i ts  by 100 u n i ts ,  p o s itio n ed  a t  ( -5 0 ,-5 0 ) ; 
(5 0 ,-5 0 ); (50 ,50); (-5 0 ,5 0 ), in  th e  ZsO p lane, the  equations become;
X' = V X + X
Y' = -ab /v  X + c /v  Y + y
Z' = -a c /v  X -  b /v  Y + z
where
X a ±50, th e  w idth of the  o r ig in a l  square being 100,
Y = ±50, th e  h e ig h t of the  o r ig in a l square being 100,
(x ,y ,z )  a re  the  co o rd in a tes  of th e  cen tre  of th e  transform ed square, 
(a b c) i s  the  v e c to r normal to  the  su rface  a t  th a t  p o s itio n ,
V = ( k f  +  o f ) 1 / 2
These equations a re  used on th e  p o in ts  above using  th e  normal 
v ec to rs  and co o rd in a tes  from th e  MS program. The X' and Y' p o in ts  a re  
p lo tte d  on th e  d isp la y , ig n o rin g  th e  corresponding Z' p o in ts  i f  an 
orthogonal p ro je c tio n  onto th e  sc reen  plane i s  req u ired , but th e  Z* 
in fo rm ation  can be u t i l i s e d  to  g ive a p e rsp ec tiv e  p ro je c tio n  as 
e lu c id a ted  in  th e  next s e c tio n .
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5 .1 .1  P ersp ec tiv e  Transform
The re p re se n ta tio n  a t  th e  moment i s  an orthogonal p ro je c tio n , th a t  
i s ,  i t  tak es  no account of th e  d is ta n ce  from th e  view point to  the  
o b je c t:  p a r a l le l  l in e s  do not converge to  van ish ing  p o in ts . However 
p e rsp ec tiv e  depth can be achieved by ano ther sim ple tran sfo rm a tio n .
The p e rsp ec tiv e  p ic tu re  i s  obtained  by p ro je c tin g  the  o b jec t p o in ts  
onto the  d isp lay  sc reen  plane [144].
The tran sfo rm a tio n  i s :
D X D Y
X' z ——— Y ' z ———
s z s  z
where D i s  th e  d is ta n ce  from eye to  screen  
S i s  the  h e ig h t of th e  screen
This uses th e  p o in ts  obtained  from th e  ro ta t io n  and t r a n s la t io n  
tran sfo rm atio n s  to  g ive a p e rsp ec tiv e  re p re se n ta tio n . This changes the  
polygons, making them la rg e r  when they  a re  n earer to  th e  observer, 
am plifying th e  cu rv a tu re  of th e  s tru c tu re , but can a lso  lead  to  
d is to r te d  p ic tu re s  i f  too  sm all a D/8 r a t io  i s  used.
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5 .1 .2  Hidden Sur fa c e  Removal
The problem of removing hidden su rfaces  from th e  image i s  an 
im portan t one in  many a re a s  o f computer g rap h ics. There have been many 
methods evolved fo r  d ea lin g  w ith  t h i s .  (See, fo r  example "Procedural 
Elements For Computer G raphics" [1 45 ]). However we can circumvent t h i s  
by using convenient fe a tu re s  of th e  r a s te r  te rm in a l: because the  
te rm in a l can f i l l  a re a s  w ith  co lo u r, polygons in  f ro n t w il l  obscure 
those  drawn behind i f  a sim ple o rdering  of th e  p o in ts  by z -co o rd in a te  
s iz e  i s  made, using  a s u i ta b le  s o r t in g  ro u tin e . I f  we draw th e  
f u r th e s t  polygons f i r s t ,  and then draw p ro g ress iv e ly  n earer ones, th e  
f ro n t  ones w il l  be drawn over and obscure the  o th e rs . Provided th e  
polygons a re  la rg e  enough to  obscure most of the  ones which would not 
be seen in  a to t a l l y  s o l id  re p re se n ta tio n  (when th e  polygons a re  so 
c lo se  to g e th e r th a t  th e  su rface  i s  e f fe c t iv e ly  con tinuous), th i s  method 
works w ell enough. There does need to  be some gap between polygons, 
though, because la rg e  overlapping  polygons do not give the  im pression 
of cu rv a tu re  to  th e  su rface  as th e  borders and hence th e  o r ie n ta t io n  o f 
th e  polygons cannot be seen. A fu r th e r  " tr ic k "  in co rp o ra ted  in to  th e  
program i s  to  draw a l l  th e  polygons which face  awav from the  observer. 
These, e v id en tly , cannot be seen, but i f  they a re  coloured id e n t ic a l ly  
to  the  background, they can "rub ou t" polygons behind them, g iv ing  a 
b e t te r  p ic tu re . They w il l  not obscure every one of th ese  hidden 
polygons, but a re  l ik e ly  to  remove tw ice as many as p rev iously  was 
p o ss ib le ; th e  drawback i s  th a t  i t  tak es  tw ice as long (on average, w ith  
convex su rfa ce s )  as when ju s t  th e  forward ones a re  drawn.
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5 .2  Rendering
Rendering i s  th e  p rocess of producing r e a l i s t i c  images on a 
d isp lay  sc reen . This in c lu d es  d ep ic tin g  the  e f f e c t s  of illu m in a tio n  on 
th e  o b je c t , th e  te x tu re  o f th e  o b jec t su rface , th e  transparency  of the  
o b jec t medium and th e  shadows thrown by th e  o b je c t on a background. 
These can a l l  be in troduced  in to  an image on a s o p h is tic a te d  d isp la y , 
but on our sim pler device th e  e f f e c t s  may be beyond th e  c a p a b i l i t i e s  of 
th e  te rm in a l, o r may be i r r e le v a n t .  The fe a tu re s  which can be ignored 
t o ta l ly  a re  te x tu re  and tran sp aren cy , as our image polygons can be 
considered to  be p e r fe c t ly  opaque w ith  a smooth p lan ar r e f le c t in g  
su rfa c e . The shadows produced on p a r ts  of th e  m olecule by o th e r p a r ts  
could be considered , bu t th e  id ea  of d is c re te  p o in ts  on th e  su rface  
would be compromised, as  some comparison of polygons along ray l in e s  
would be needed. In  f a c t ,  t h i s  i s  ex ac tly  analogous to  th e  hidden 
su rface  problem, but along th e  l ig h t  v ec to r in s te a d  of th e  screen  plane 
normal. These would both re q u ire  th e  comparison of a l l  polygons w ith  
each o th e r and a complex c lip p in g  algorithm  would be needed to  take  
care  of p a r t i a l ly  obscured o r shaded o b je c ts . The tim e spent in  th i s  
comparison would not ju s t i f y  th e  improvement in  th e  image fo r  th e  
term inal being used, e sp e c ia lly  as th e  m olecules s tu d ied  do not have 
convoluted concave re g io n s , as th e  atoms a re  considered  to  be 
s p h e r ic a l .
A d e ta i l  which has been used to  enhance the  d isp lay  i s  the  
ad d itio n  of shading. As mentioned above, the  l im ita t io n s  of a fou r 
b it-p la n e  d isp lay  p revent continuous shading models and o th e r sp ec ia l 
e f f e c t s ,  but th e  angle of a p a r t ic u la r  polygon r e la t iv e  to  a c e r ta in  
l ig h t  v ec to r can be used to  c a lc u la te  whether rays from a d ir e c t  l ig h t  
source w ill  reach i t .  I f  n o t, th e  polygon can be coloured grey. This
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i s  achieved by co n sid erin g  th e  do t product of th e  polygon normal v e c to r 
and a l ig h t  v e c to r . I f  th e  angle between them i s  le s s  than  90^ o r more 
than  270^, th e re  should be no shadow. T herefore, i f  cos G i s  no 
g re a te r  than  0, th e re  w il l  be no shadow. The do t product of th e  two 
v e c to rs  provides th i s  in fo rm atio n , since  th e  magnitudes of th e  v e c to rs  
a re  always p o s it iv e  so th e  only negative  dot product w il l  occur when 
th e  angle i s  le s s  than  90 or g re a te r  than  270 d eg rees. I f  no shading 
of th i s  kind i s  d e sired  ( th e  contouring  in fo rm ation  i s  destroyed  by 
co louring  th e  su rface  grey) then  th e  l ig h t  v ec to r can be made p a r a l le l  
to  th e  viewing v e c to r , so no shading i s  v is ib le .
5. 3  Program Operation
The d a ta  fo r  th e  program in p u t i s  obtained in  the  fo llow ing  
manner: once th e  geometry o f th e  molecule of i n te r e s t  has been decided 
on, th e  MS program w r it te n  by Connolly [ I 4 l]  i s  used to  c a lc u la te  th e  
co o rd in a tes  of th e  su rface  of i n t e r e s t .  These p o in ts  a re  used as in p u t 
fo r  the  m odified GAUSSIAN 80 program [143], which o u tp u ts  a f i l e  
co n ta in ing  co o rd in a tes  and the  a sso c ia te d  e le c t r o s ta t i c  p o te n tia l  value 
a t  th a t  p o in t. This f i l e  i s  combined w ith the  MS program outpu t to  
give a d a ta  f i l e  co n ta in in g  (x ,y ,z )  co o rd in a tes , th e  a sso c ia te d  
Ixn vn zn) v e c to r and a number to  rep re sen t th e  co lour index a t  th a t  
p o in t, c a lc u la te d  by using  a l i s t  of contour v a lu es . This 
p re-processed  f i l e  i s  then  tra n s fe r re d  to  th e  T ektronix  4170 from the  
S t Andrews VAX computer, in  o rd er to  run th e  g raph ics program.
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The in p u t param eters fo r  th e  g raph ics  program a re  prompted fo r  by 
a qu estio n  and answer, f r e e  form at se ss io n  once th e  program i s  
execu ting . I f  th e  u se r i s  a novice, he can ask fo r  a d d itio n a l 
prompting w ith  examples o f ty p ic a l in p u t v a lu es . The g rap h ica l da ta  i s  
s to red  in  a f i l e  co n ta in in g  each p o in t, i t s  corresponding normal v e c to r 
and a co lour index fo r  th e  con tou ring .
A fter th e  name of th e  f i l e  has been e s ta b lish e d , the  program asks 
fo r  d e ta i l s  of how the  p ic tu re  must be p resen ted . The u se r i s  asked 
fo r  ro ta t io n  param eters, in  terms of ro ta t io n  about x- y - and z -ax es , 
and s c a lin g  param eters fo r  th e  polygons and a lso  fo r  the  whole 
p ic tu re . This l a s t  g ives a means o f vary ing  th e  s iz e  of th e  polygons 
r e la t iv e  to  the  m olecule i t s e l f .  This allow s th e  u se r to  cover more o r 
l e s s  of th e  su rface  as d e s ire d . The sca lin g  of the  p ic tu re  i s  given as 
a sc reen  q u o tie n t, S, which i s  th e  r a t io  of the  h e ig h t of th e  viewing 
a rea  to  th e  p ic tu re , so th e  la rg e r  th e  p ic tu re  d e s ired , th e  sm aller th e  
S v a lu e . This param eter i s  lin k ed  to  th e  p e rsp ec tiv e  transform  v ia  th e  
D/S r a t io ,  D being th e  d is ta n ce  from eye to  screen , which i s  a lso  
prompted fo r .  Both of th e se  v a lu es  a re  in  a r b i t r a r y  u n i ts ,  as i t  i s  
the  r a t io  D/S -  a d im ension less q u a n tity  -  which i s  used in  the  
transfo rm .
The above param eters s e t  up the  g ross p ic tu re  in  th e  view port 
a llo c a te d  fo r  th e  p ic tu re  on th e  sc reen , but fu r th e r  in form ation  i s  
needed on th e  s ty le  and s to rag e  of th i s  image: th e  u se r i s  asked 
whether he wants to  use a square o r octagon re p re se n ta tio n  fo r  h is  d a ta  
p o in ts  -  th e  square v e rs io n  i s  q u ick er, but does not give as good a 
p ic tu re  as th e  octagon v e rs io n . He i s  a lso  asked whether he wants to  
draw th e  polygons fac in g  away from him, to  try  to  obscure p a r ts  of the  
p ic tu re  which should be hidden. This i s  not always necessary . The
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l i g h t  v ec to r fo r  th e  shading i s  a lso  requ ired  from the  o p e ra to r; th i s  
i s  given as th re e  r e a l  numbers in  th e  x - y - and z -a x is  d ire c t io n s . 
F in a lly , d e ta i l s  fo r  te rm in a l s to rag e  a re  req u ested . The segment 
number and view number a re  prompted fo r .  The term ina l s to re s  p ic tu re s  
in  views, which a re  c o lle c t io n s  of p ic tu re  segments a t  lo c a t io n s  on the  
screen  known as v iew ports . Images can be s to red  in  th e se  views and 
l a t e r  re c a lle d  fo r  comparison.
Once th ese  param eters have been en tered , th e  program c a lc u la te s  
and d isp lay s  th e  p ic tu re  in  a la rg e  view port covering th e  to p  l e f t  of 
th e  screen . Any of th e  param eters mentioned above can be changed by 
u sing  an in te r a c t iv e ,  jo y -d isc -d riv e n  cu rso r, which p icks th e  re le v a n t 
param eter from a menu d isp layed  to  th e  r ig h t  of the  p ic tu re . A new 
value i s  prompted fo r  and the  menu i s  renewed acco rd in g ly . Once th e  
u se r i s  s a t i s f i e d  th a t  he has a l te re d  a l l  the param eters necessary , th e  
p ic tu re  can be re-draw n, by e x it in g  th e  menu. This i s  a p e r fe c t ly  
general m anipulation of a l l  param eters, from the  d a ta  f i l e  to  the  
s to rag e  segment being used, so d i f f e r e n t  views of th e  same m olecule, o r 
of d i f f e r e n t  m olecules can be produced w ith  one execu tion  o f the 
program.
5.4  The VAX Version
The above program runs on th e  T ektronix 4170 g raph ics 
co -p rocesso r, u sing  th e  DTI g raph ics ro u tin e s  a t  a baud ra te  of 19,200 
baud. A v e rs io n  of th e  program has a lso  been w r it te n  fo r  the  S t 
Andrews VAX 11-785 com puters. As th e re  were no graph ics su b -ro u tin e  
l i b r a r i e s  a v a ila b le  on th e  VAX, the  g raph ics p r im itiv e s  had to  be 
w r it te n  to  c re a te  an eq u iv a len t DTI l ib r a r y .  This was achieved by
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w ritin g  su b -ro u tin e s  which use th e  T ektronix 4109 te rm in a l 's  escape 
sequences. This invo lves converting  param eters in to  a h ost syntax 
form. D iffe re n t conversion  procedures a re  necessary  fo r  the  conversion 
of c h a ra c te rs , c h a rac te r  s t r in g s ,  sm all i n t e ^ r s  (0 -127), in te g e rs ,  
r e a ls ,  in te g e r  a rra y s , r e a l  a rra y s  and xy-ooord inates on the  screen  
[1463. The converted h o st syntax escape sequence must then be sen t to  
th e  te rm in a l. The e a s ie s t  way th a t  I  have found to  do th i s  i s  to  use 
an o rd in ary  FORTRAN WRITE sta tem en t, which i s  in te rp re te d  by th e  
term inal and ignored by th e  h o s t, re s u l t in g  in  the  d e sired  g raph ics 
command. For in s ta n c e : CESOMP^ where <ESC> re p re se n ts  th e  c h a rac te r  
fo r  the  escape fu n c tio n , i . e  CHAR(27), i s  the  command to  change the 
co lour index a sso c ia te d  w ith  f i l l i n g  a polygon to  5, a s  MP i s  th e  code 
fo r  SELECT-FILL-PATTERN and % i s  th e  code fo r  -5 .
There i s  one more problem which must be d e a lt  w ith : some escape 
sequences, known as te rm in a l re p o r t req u est item s, r e s u l t  in  a coded 
response from th e  te rm in a l to  th e  h o s t, fo r  in s ta n ce  a REPORT SEGMENT 
STATUS escape sequence w i l l  r e s u l t  in  the  term inal sending an encoded 
re p o r t of segment c h a r a c te r i s t ic s  to  th e  h o s t. (A segment i s  a 
c o lle c t io n  of g raph ics p r im itiv e s  which can be m anipulated en b lo c ) .
I f  th ese  re p o r ts  a re  not trapped and d e a lt  w ith p ro p erly , then  th e  host 
w il l  hang th e  program, o r crash  i t ,  a s  i t  cannot decipher th e  re p o r t .  
The f a c i l i t y  which i s  used to  remedy th i s  i s  th e  $QIOW Queue I/O 
Request And Wait For Event Flag system se rv ic e  [1473. This has been 
used to  enable th e  in te r a c t iv e  fe a tu re s  of the  program -  th e  p ick ing  of 
item s w ith  th e  c u rso r -  to  be kept in  th e  VAX v e rs io n . The ro u tin e  
used i s  a m odified v e rs io n  of one w ritte n  by Mr J .  Crowe of th e  St 
Andrews U n iv ers ity  Computing Laboratory  [148].
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5.5 JuRproYemeats.
The program was w r i t te n  fo r  a sp e c if ic  purpose: th e  d isp lay  of 
p ro p e r tie s  on th e  van der Waals (o r Connolly su rfa ce ) of a group of 
s im ila r  m olecules. I t  was not necessary  to  make i t  too s o p h is tic a te d , 
but th e  framework i s  th e re  fo r  any fu tu re  development work.
There a re  some l im ita t io n s  of th e  program which have become
apparent w ith  u se : th e  in p u t i s  r e s t r i c t e d  and the  program i s  slow a t
lower baud r a te s ,  but th e  p re se n ta tio n  of da ta  i s  good, co n sid erin g  the  
l im ita t io n s  of th e  te rm in a l d isp la y .
The main c r i t ic is m  th a t  can be le v e lle d  a t  th e  in p u t i s  th a t  i t  i s  
in  a p re-processed  form, c o n s is tin g  of sca led  co o rd in a tes  and a co lour 
index number fo r  each p o in t. ' This was because th e  VAX i s  much qu icker 
a t  num ber-crunching than  th e  4170, so as much of th e  p rocessing  as was 
p o ssib le  was done on th e  VAX, p r io r  to  t r a n s fe r  to  th e  g rap h ics  
co -p ro cesso r. This means th a t  c e r ta in  p a r ts  of th e  d isp lay  a re  no t 
f le x ib le :  to  change th e  con touring , one must run th e  conversion 
programs on th e  VAX again , to  process th e  o r ig in a l  d a ta  f i l e ,  g iv ing  a 
new inpu t f i l e  fo r  th e  T ektron ix . I t  might be worth making the  program 
in p u t more g en era l, so th a t  th e  o r ig in a l  d a ta  f i l e s  from th e  GAUSSIAN
80 program [143] could be processed d i r e c t ly .
I f  th e  a c tu a l co o rd in a te  and a sso c ia ted  property  data  were used by 
th e  program, i t  would be p o ss ib le  to  consider the  sca lin g  of the 
p ic tu re  in  a more q u a n t i ta t iv e  fa sh io n , in s te ad  of as a r a t i o  to  th e  
view port s iz e . This was not im portan t in  th i s  th e s is ,  because th e  two 
main groups of m olecules th a t  were of in te r e s t ,  th a t  i s ,  th e  flavones 
and the  coumarins, were of s im ila r  s iz e  w ith in  t h e i r  re sp e c tiv e  groups.
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so one p ic tu re  could e a s i ly  be compared w ith  an o th er. However, i f  a 
range of m olecules of va iy ing  s iz e  were to  be in v e s t ig a te d , th e  
a d ju s tin g  of th e  s iz e  of th e  p ic tu re  r e la t iv e  to  th e  v iew port in s te a d  
of to  an abso lu te  value could be d is t r a c t in g ,  as sm aller m olecules 
appear to  be as b ig  as  th e  la rg e r  ones. On th e  o th e r hand, i f  the  
m olecules being s tu d ied  a re  so d is s im ila r ,  i t  i s  perhaps not such a 
good id ea  to  compare and c o n tra s t  them by th i s  method in  the  f i r s t  
p lace .
In o rder to  have an a b so lu te  sca lin g  scheme, in  which th e  p ic tu re  
i s  drawn su b je c t to  a s c a le  o f say , th re e  Angstroms per thousand screen  
lo c a tio n s , then  th e  p ic tu re  would have to  be drawn using  an orthogonal 
p ro je c tio n , w ith  no c o n s id e ra tio n  of th e  p e rsp ec tiv e , as th i s  d i s to r t s  
th e  coo rd ina te  system. Thus, th e  in co rp o ra tio n  of a m easurable sca lin g  
r e s u l t s  in  some lo s s  of shape in  the  image, as th e  d is to r t io n  produced 
by a p e rsp ec tiv e  transform  a id s  th e  eye in  in te rp re t in g  the  image’s 
shape.
Another improvement which could be made in  th e  program i s  to  have 
th e  op tion  of changing th e  o r ie n ta t io n  of th e  image r e la t iv e  to  th e  
l a s t  view drawn, in s te a d  of r e la t iv e  to  th e  o r ig in a l d a ta . This method 
i s  used in  ChemGraf [109] to  ro ta te  any molecule drawn on th e  screen  
and i s  u sefu l fo r  sm all ad justm ents in  the  o r ie n ta tio n  of the  image.
I t  does have i t s  d isadvan tages, though: in  o rd er to  r e -c re a te  a p ic tu re  
i t  i s  necessary to  go through a l l  th e  seq u en tia l ro ta t io n  transform s in  
the  r ig h t  o rd e r, o r to  keep a running t a l l y  of them, whereas i f  an 
ab so lu te  tran sfo rm a tio n  of th e  o r ig in a l  co o rd ina tes  i s  used, i t  i s  only 
necessary  to  keep a note of th e  one transform  which re s u lte d  in  th e  
d e sired  p ic tu re . I t  would be a t r i v i a l  m atte r to  inc lude  a 
re la t iv e /a b s o lu te  mode to g g le  in  the  program o p tio n s , as i t  would ju s t  
re q u ire  a f la g  to  co n tro l whether th e  tran sfo rm atio n  sub rou tine .
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TRANSF, operated  on th e  o r ig in a l  coord ina te  a rra y , COORD, o r on th e  
p rev iously  transform ed a r ra y , TRANS.
The speed of program o p e ra tio n  i s  s a t is fa c to ry  on th e  T ektronix  
4170 graph ics co -p ro cesso r, which runs a t  a baud r a te  of 19,200 baud, 
but i t  i s  a se r io u s  problem on th e  St Andrews VAX computers, which run 
a t  1200 o r 2400 baud; i t  can tak e  twenty m inutes to  draw a complete 
p ic tu re . This makes a mockery of th e  in te n tio n  to  c re a te  an 
in te r a c t iv e ,  u s e r - f r ie n d ly  program, as the  tim esca le  i s  c lo se r  to  th a t  
of a batch jo b . Any in c re a se  of speed th a t  can be achieved i s  
obviously d e s ira b le . One way of ach iev ing  t h i s  would be to  concatenate  
groups of g raph ics  p r im itiv e s  in to  one command s t r in g ,  as th i s  cu ts  
down the  number of h o s t to  te rm ina l messages s e n t. The b est candidate  
fo r  th i s  approach would be th e  group of SELECT-FILL-PATTERN,
BEGIN-PANEL, MOVE, DRAW and END-PANEL commands necessary  to  c o n stru c t 
each polygon. As th e  drawing of th ese  i s  the  major tim e fa c to r  in  the  
program o p e ra tio n , any saving of tim e in  th e i r  co n s tru c tio n  would make 
a n o ticeab le  improvement.
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CHAPTER 6
MODEL SCHEMES FOR THE ENZYMIC ACTION
-  89 -
The g lyoxalase  I  c a ta ly sed  re a c tio n  c o n s is ts  of two proton 
t r a n s f e r s  or two proton a b s tra c tio n s  and two p ro to n a tio n s . There a re  
v a rio u s  pathways th a t  can be dev ised , based on th e  exact o rder in  which 
th e se  a b s tra c tio n s  and p ro to n a tio n s  can take  p lace . Lavery and Pullman 
[149] proposed a s e r ie s  of s in g le  proton t r a n s fe r  re a c tio n s  between a 
model s u b s tra te  and a model product m olecule. The m ethylglyoxal 
re a c tio n  was used and g lu ta th io n e  was rep laced  by m ethaneth io l, The 
c a lc u la tio n s  were minimal b a s is  s e t  ones, using  a standard  s e t  o f bond 
len g th s  and ang les , w ith  lim ited  m inim isation of C-C, C-0 and C-8 
bonds. The oxygen atoms were m aintained in  a e ls  c o n fig u ra tio n , as the  
g lyoxalase  re a c tio n  seems to  invo lve th i s  conform ation ( a l l  the  
in h ib i to r  sp ec ie s  have c is  oxygens). C alcu la tio n s  invo lv ing  a ch ela ted  
magnesium ion were a lso  c a r r ie d  o u t. The scheme adopted by Lavery and 
Pullman i s  shown in  F igure  6-1 .
The au thors found th a t  th e  pathway A->C->E->F->H was th e  most 
l ik e ly  one, fo r  both th e  re a c tio n  w ith  and th e  re a c tio n  w ithout a 
magnesium ion . However, they could not ru le  out an a l te rn a t iv e  path 
v ia  a doubly deprotonated d ian ion , D. The f irs t-m en tio n ed  pathway 
c o n s is ts  of successive  d ep ro tona tions and p ro to n a tio n s . I t  a lso  
in c lu d es  th e  much-discussed en ed io l " t r a n s i t io n  s ta t e " ,  which i s  
a c tu a lly  a re a c tiv e  in te rm ed ia te  sp ec ie s , as a re  a l l  the  m olecules B to  
G.
This study seemed a good p lace to  s t a r t  th e  in v e s t ig a tio n  of the  
g lyoxalase  I  mechanism. Two obvious improvements were immediately 
ev id en t: a complete geometry o p tim isa tio n  a t  each s tep  would give more 
tru stw orthy  r e s u l t s ,  and a more ex tensive  b a s is  s e t  would allow more 
su b tle  e f f e c t s ,  such as th e  ro le  of the  sulphur atom in  th e  re a c tio n .
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to  be examined.
The b a s is  s e t  ohosen was th e  3-21G* one [118], a s  explained in  the  
next s e c tio n . This b a s is  i s  the  same as the  well-known 3 -2 1G s e t
[114,115] fo r  hydrogen, carbon and oxygen, but in c lu d es  d -fu n c tio n s  on 
su lphur and magnesium.
The r e s u l t s  a re  l i s t e d  in  Tables 6-2 to  6-10 and the  optim ised 
geom etries a re  shown in  F igu res 6-2 to  6-10. The most no tab le  fa c to r ,  
in  a comparison w ith  th e  work of Lavery and Pullman, i s  the  absence of 
d a ta  fo r  the  m olecules B, D and G. On f u l l  o p tim isa tio n , a t  the  
RHF/3-21G* le v e l ,  th e se  th re e  m olecules proved to  be u n s tab le , f ly in g  
a p a rt to  form groups of sm aller m olecules.
The in s t a b i l i t y  of molecule D i s  perhaps not su rp r is in g , 
considering  the  double negative  charge on such a sm all sp ec ie s , but i t  
i s  n ev e rth e le ss  a very im portan t r e s u l t :  th i s  i s  because the  only 
a v a ila b le  pathway i s  now v ia  C, E and F, as found by Lavery and 
Pullman. We do not have th e  dilemma faced by th ese  au thors  in  choosing 
between two e n e rg e tic a lly  s im ila r  ro u te s , as i t  i s  im possib le fo r  the  
re a c tio n  to  proceed v ia  molecule D.
6.1 Choice Of B asis S et
A la rg e  b a s is  s e t  w ith  many p o la r is a t io n  fu n c tio n s  i s  req u ired  in  
o rder to  approach the  H artree-Fock l im i t  fo r  even a small m olecular 
c a lc u la tio n . U nfortunate ly , th e  c o n s tra in ts  of tim e and computer 
re so u rces , such as  CPU tim e and d isk  space a l lo c a tio n s , sev ere ly  l im i t  
the  s iz e  of b a s is  s e t  a v a ila b le . This has le d  to  the  development of
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b a s is  s e ts  fo r  th e  study of d i f f e r e n t  a sp ec ts  of com putational 
problems. For in s ta n c e , th e  MINI and MIDI b a s is  s e ts  o f Huzinaga [150] 
were designed to  give good energy r e s u l t s ,  comparable to  much la rg e r  
b a s is  s e t s ,  whereas th e  s p l i t-v a le n c e  b a s is  s e t s ,  such as  3 -2 1G
[114,115] g ive geometry r e s u l t s  comparable to  la rg e r  s e ts .  T herefore, 
i t  should be p o ss ib le  to  f in d  a b a s is  s e t  fo r  most com putational 
problems in  chem istry .
One of th e  main a sp ec ts  of th i s  study i s  the  presence of a su lphur 
atom in  th e  compounds, derived  from th e  th io n y l group of the  o r ig in a l  
g lu ta th io n e  co-enzyme. To take th i s  in to  account p roperly  i t  was 
decided to  use a b a s is  s e t  w ith  3 d -fu n c tio n s , as su lphur has low -ly ing , 
empty d -o r b i ta l s  which can take p a r t  in  th e  bonding and e le c tro n ic  
p ro p e rtie s  of i t s  compounds.
The su lphur atom of th e  g lu ta th io n y l moiety could s t a b i l i s e  the  
negative  charge on th e  in te rm ed ia te  an ion ic  sp ec ie s  to  help  th e  enzymic 
re a c tio n . C e rta in ly , some of th e  model re a c tio n  schemes th a t  have been 
stu d ied  seem to  re q u ire  th e  presence of g lu ta th io n e , in  o rd er to  
produce an analogous re a c tio n  to  th a t  of g lyoxalase  I .  These inc lude  
the  work of H all e t  a l .  [78], in  which they proposed th a t  th e  re a c tio n  
o f g lu ta th io n e  w ith th e  aldehyde, p r io r  to  th e  c a ta ly t ic  a c tio n  of 
g lyoxalase  I ,  converted th e  aldehydic  proton in to  an a c id ic  one. This
a c id ic  proton would be s ta b i l i s e d  by th e  ad jacen t su lphur atom.
There has been much controversy  over the  ro le  of d -o r b i ta l s  in  
carbon-sulphur compounds over th e  l a s t  two decades. In  a s e r ie s  of 
papers [151-155], Oae and o th e rs  invoked 3 d -o rb ita l  resonance to  
exp la in  th e  a c id i ty  o f a hydrogen atom ad jacen t to  a su lph ide  group. 
They s ta te d  th a t ,  a lthough th e  3 d -o rb ita ls  of th e  su lphur atom in  the
atomic s ta t e  were too d if fu se  to  overlap  e f fe c t iv e ly  w ith the
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2 p -o rb ita ls  of a carbon atom in  n e u tra l m olecules, 3d p a r t ic ip a t io n  did  
seem to  occur when th e  su lphur was a ttach ed  to  a carbanion o r an 
un sa tu ra ted  group.
L a te r work seemed to  show th a t  th e  presence o f th e  d -o r b i ta l s  on 
th e  su lphur atom did not a f f e c t  th e  molecule in  any way; th e  low ering 
of the  energy on a d d itio n  of th e  3 d -o rb ita ls  was j u s t  due to  an 
in c rease  in  the  f l e x i b i l i t y  in  th e  b a s is  s e t .  The a c id i ty  of protons 
a ttach ed  to  carbons next to  a su lphur atom was a t t r ib u te d  to  th e  
s ta b i l i s a t io n  of th e  anion by p o la r is a t io n  of th e  su lphur [1553 and the  
c o e f f ic ie n t  m atrix  did not show any p a r t ic ip a t io n  of d -o r b i ta l s  in  th e  
h ig h er occupied m olecular o r b i t a l s  [156].
The c a lc u la tio n s  by Wolfe, Rauk and Csizmadia mentioned above 
[156] used a d -fu n c tio n  exponent o f 5.42 in  the  b a s is  s e t .  An 
o b je c tio n  could be ra is e d  th a t  th i s  exponent would r e s u l t  in  very 
l i t t l e  overlap , r e s t r i c t i n g  e f f ic ie n t  bonding. This po in t was 
d iscussed  in  e a r l i e r  work by two of the  au thors [157] and was 
in v e s tig a te d  fu r th e r  fo r  th e  case of hydrogen su lp h id e . The optim ised 
exponent of 5.42 ( fo r  atomic su lphur) was rep laced  by one of 0 .25, 
which, according to  the  a u th o rs , g ives a maximum in  the  d -gaussian  
fu n c tio n  a t  about two bohr from th e  nucleus. The re s u lt in g  ch a rac te r  
of the  m olecular o r b i t a l  c o n tr ib u tio n  from the  d -fu n c tio n s  was s t i l l  of 
8 -type , being a l in e a r  com bination of d^^, d^^ and d^^, w ith n e g lig ib le  
c o n tr ib u tio n  from th e  o th e r d -fu n c tio n s , im plying no ap p rec iab le  
p a r t ic ip a t io n  o f d -o r b i ta l s  in  th e  bonding. The au thors  s ta te d  th a t  
they expected th a t  a near-H artree-Fock  b a s is  would reduce the  
co n trib u tio n  o f th e  xz and yz fu n c tio n s  even fu r th e r ,  as the  d -gaussian  
component would be over-em phasised in  th e i r  small b a s is  s e t .
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The r e s u l t s  obtained  by Rauk and Csizmadia could be a t t r ib u te d  to  
a bad choice o f exponent fo r  the  d -fu n c tio n s , n e v e r th e le s s . T heir 
f i r s t  choice of 5.42 was obtained  by op tim ising  the  exponent in  
hydrogen su lph ide  by energy. An experim ental geometry was used fo r  th e  
m olecule. The exponent does seem to  be exceedingly la rg e  -  the  6-31G* 
b a s is  s e t  and th e  3-21G* b a s is  derived  from i t  have an exponent of 
0 .65. The re s u lt in g  maximum value of d^^ i s  a t  only 0.43 bohr using 
th i s  exponent. The au th o rs  in v e s tig a te d  the  wave fu n c tio n  using  an 
exponent of 0 .25 , which corresponds to  a maximum a t  2 ,0  bohr; th i s  i s  
probably tak in g  th e  problem to  th e  o th e r  extreme, g iv ing  too  d if fu se  a 
fu n c tio n  fo r  good bonding in  a n e u tra l m olecule. T herefore i t  would be 
f a i r  to  s ta t e  th a t  the  r e s u l t in g  c o e f f ic ie n ts  of th e  wave fu n c tio n  a re  
not th a t  r e l ia b le .
There has re c e n tly  been a re-exam ination  of the  e a r l i e r  work on 
su lp h u r-co n ta in in g  carban ions. The use of improved methods has 
revealed  th a t  su lphur 3 d -o rb ita ls  do play a p a rt in  th e  bonding 
m olecular o r b i ta l s  of th ese  sp ec ie s  [158], F u ll geometry o p tim isa tio n  
of th e  m olecules being s tu d ied  revealed  th a t  th e  p rev iously  used C-8 
bond leng th  of 1.819 A (th e  experim ental len g th ) d id not allow  th e  
d -o r b i ta ls  to  e x e r t t h e i r  in flu en ce  fu l ly  as th e  d is ta n ce  was too 
g re a t . Geometry o p tim isa tio n  of th e  CH^ SH anion a t  th e  3-21G* le v e l 
proved th a t  th e  C-8 bond leng th  shortened r e la t iv e  to  th e  3-210 
optim ised s t ru c tu re . This sh o rten ing  was now recognised to  be due to  
con jugative  s ta b i l i s a t io n  of th e  carbanion by th e  SH group.
Thus, the  p re sen tly  accepted view, on c a lc u la tio n s  invo lv ing  
sulphur-carbon bonds, e sp e c ia lly  when carbanions a re  involved , i s  th a t  
f u l l  geometry o p tim isa tio n s  a re  im pera tive . A proper d e sc r ip tio n  of 
m olecular p ro p e r tie s  re q u ire  th e  in c lu s io n  of d -fu n c tio n s  in  th e  b a s is
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s e t ,  to o .
The system th a t  i s  a t  our d isp o sa l g en e ra lly  has le s s  than  100,000 
b locks of d isk  space a v a ila b le  on i t  and th i s  s to rag e  space can 
f lu c tu a te  w idely . T herefore , fo r  the  study of compounds w ith  a t  l e a s t  
two carbons, two oxygens and a su lphur atom, i t  was deemed necessary  to  
use th e  s p l i t-v a le n c e  3-21G* b a s is  s e t  [118], which in c lu d es  
d -fu n c tio n s  on th e  su lphur atom. This b a s is  s e t  and the  c lo se ly  
re la te d  3-21G s e t  [114,115] have been shown to  g ive comparable geometry 
r e s u l t s  to  la rg e r  b a s is  s e t s ,  such as th e  6 -3 1G s e r ie s  [159].
The 3-21G* b a s is  s e t  has been the  standard  b a s is  fo r  th e  model 
scheme c a lc u la tio n s  in  th i s  work, but l a t t e r l y  a g ran t of re so u rces  on 
th e  CYBER 205 a t  th e  U n iv ers ity  o f Manchester Regional Computing,Centre 
has allowed th e  ex tension  of th e  in v e s t ig a tio n  to  th e  la rg e r  6-31G** 
b a s is . The r e s t r i c t io n s  imposed upon th ese  new reso u rces  have 
prevented new o p tim isa tio n s  of th e  sp e c ie s , but 6-31G** c a lc u la tio n s  a t  
optim ised 3-21G* geom etries have been made.
The b asic  model scheme th a t  was described  above has been m odified 
by v a rio u s  s u b s t i tu e n ts  to  gain  an in s ig h t in to  th e  mechanism of the  
re a c tio n . The s u b s t i tu t io n s  e ffe c te d  have been replacem ent of the  
th io l  group by a hydroxy group or a proton and ex tension  of the  th io l  
in to  a methyl su lph ide  group, to  more properly  mimic the  g lu ta th io n e  
coenzyme. (This l a t t e r  change was a lso  made p o ssib le  by an in c re ase  in  
computer re so u rc e s ) .
The hydroxy- and p ro to n -rep laced  m olecules were optim ised using 
th e  3-21G b a s is  s e t ,  as t h i s  i s  id e n t ic a l  to  th e  3-21G* b a s is  fo r  th e se  
compounds, which have no second-row elem ents. The r e s u l t s  a re  l i s t e d  
in  Tables 6-2 to  6-10.
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6 .2  The. Oy.ç„r.alI R eaction Scheme,
The to ta l  en erg ies  of th e  sp ec ie s  d iscussed  below a re  given in  
Table 6 -1 . An i n i t i a l  d iscu ss io n  of th e  o v e ra ll re a c tio n  scheme i s  
g iven  here .
The th io l - s u b s t i tu te d  model scheme -  th a t  i s  th e  o r ig in a l scheme -  
does not fe a tu re  such la rg e  energy d iffe ren c es  between th e  
in te rm ed ia tes  as th e  hydroxy- and h y d ro g en -su b stitu ted  schemes. The 
o v e ra ll re a c tio n  shows a s t a b i l i s a t io n  o f -0,0138 a .u . ,  compared w ith  
-O.O327 a .u . fo r  th e  h y d ro x y -su b stitu ted  scheme and 0 .0 a .u . fo r  th e  
hyd ro g en -su b stitu ted  scheme, in  which A i s  the  same molecule as H and C 
i s  id e n tic a l  to  F. Thus, in  term s of th e  o v e ra ll  re a c tio n , i t  would 
p r o f i t  the  enzyme to  use an oxygen-based s u b s tra te  in s te ad  o f a 
sulphur-based one, as th i s  i s  th e  most e n e rg e tic a lly  favourab le  
re a c tio n . However, i f  one looks a t  th e  energy d iffe re n c e s  along th e  
proposed pathway, i t  i s  obvious th a t  th e re  i s  a s u b s ta n tia l  ga in  to  be 
achieved in  using  su lphu r, in  th a t  th e  a c t iv a tio n  e n erg ies  needed to  
remove th e  p ro tons from th e  molecule a re  le s s  severe in  the  case of the  
th io l - s u b s t i tu te d  A->C and E->F re a c tio n s  than in  e i th e r  of the  two 
analogous schemes.
The choice of is o la te d  m olecules, n eg lec tin g  so lv en t e f f e c t s ,  i s  
ju s t i f i e d  because th i s  p a r t ic u la r  enzyme must have a very w ell 
p ro tec ted  a c tiv e  s i t e .  This i s  shown by th e  d i f f i c u l ty  in  observing 
so lv en t p ro to n a tio n  when th e  re a c tio n  was c a r r ie d  out in  D^ O [73,74] or 
tr i tiu m -e n ric h e d  w ater [75], which led  to  the  b e l ie f  th a t  the  enzyme 
ca ta ly sed  a re a c tio n  analogous to  th e  Cannizzaro re a c tio n . The proton 
t r a n s fe r  i s  so w ell sh ie lded  th a t  th e  so lv en t does not play a g re a t 
p a r t  in  th e  re a c tio n , as shown by th e  work of H all e t  a l .  [78 ,79],
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where only a sm all amount of so lv en t in co rp o ra tio n  was d e tec ted  by 
nmr.
Thus we do not s u f fe r  from th e  g re a t bugbear of b io lo g ic a l 
c a lc u la tio n s :  so lv a tio n  e f f e c t s .  This to p ic  has an undeserved 
re p u ta tio n  as th e  s t ic k in g  p o in t of mar^ th e o re t ic a l  s im u la tio n s  of 
chemical re a c tio n s ;  t h i s  does not apply ex ac tly  to  th e  co n sid e ra tio n  of 
enzyme s i t e s ,  as th ese  o fte n  have h igh ly  p o la rised  reg io n s  not s im ila r  
to  a wet chem istry environm ent, and th e  only way to  t r e a t  t h i s  
s i tu a t io n ,  in  th e  absence of d e ta i le d  in form ation  of th e  a c tiv e  s i t e  
s t ru c tu re ,  i s  a c a re fu l exam ination of the p ro p e r tie s  of the  v a rio u s  
su b s tra te s  and in h ib i to r s .  This i s  attem pted in  the  fo llow ing  
ch ap te rs .
6 .3  The S u b s tra te  Model: Molecule A
This p a r t ic u la r  sp ec ie s  i s  a model fo r  th e  g lu ta th io n e-a ld eh y d e  
adduct, the  h em ith io ace ta l used by g lyoxalase  I ,  The chemical groups 
not jo in ed  to  th e  oxygen atoms have been rep laced  by hydrogen because 
of computer d isk  space l im i ta t io n s .  This enabled the  u t i l i s a t i o n  o f a 
s p li t-v a le n c e  b a s is  s e t  w ith d -o r b i ta l s  on th e  su lphur atom as 
d iscussed  above. The groups rep laced  by a hydrogen atom were the  a lk y l 
or phenyl group of th e  aldehyde and th e  g lu ta th io n e  t r ip e p t id e ,  except 
fo r  a re s id u a l th io l  group.
Molecule A has been s tu d ied  a t  both the  3-21G and 3-21G* le v e l ,  in  
o rder to  examine th e  e f f e c t  of th e  d -o r b i ta l s  of th e  su lphur upon the  
bonding and chemical p ro p e r tie s . F u ll geometry o p tim isa tio n s , using  
both th ese  b a s is  s e ts  have been made. The r e s u l t in g  geom etries a re
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l i s t e d  in  Table 6-2 and th e  3-21G* geometry i s  shown in  F igure  6-2.
The la rg e s t  d iffe re n c e  between the  two geom etries i s  a 4% 
shorten ing  of th e  C-S bond le n g th  upon th e  a d d itio n  of d -o r b i ta l s  to  
th e  su lphur b a s is  s e t .  This im m ediately suggests  th a t  th e re  i s  some 
(d-p) Tf bonding between th e se  two atoms. Other la rg e  e f f e c t s  a re  the  
widening of th e  03-C1-C2-H7 d ih ed ra l angle (2.7%) and th e  03-C1-C2-S5 
angle (1.0%), such th a t  th e  su lphur approaches th e  03-C1-C2 p lane, 
pushing th e  hydrogen fu r th e r  away from i t .  The su lphur hydrogen bond 
len g th  i s  a lso  decreased by 1.8%. The C1-C2-S5 bond angle i s  increased  
by 1.6% and th e  C1-C2-H7 bond angle i s  decreased by th e  same amount.
The r e s t  of th e  molecule i s  a ffe c te d  by le s s  than 1% changes. Thus, as 
would be a n tic ip a te d , th e  geom etrical param eters in  th e  reg ion  of th e  
sulphur atom a re  th e  only ones to  be in fluenced  by th e  ad d itio n  of the  
d -o r b i ta l s .
The main e n e rg e tic  e f f e c t  of adding d -o r b i ta l s  to  the  su lphur atom 
i s  a low ering of th e  to t a l  energy of th e  sp ec ie s , which i s  to  be 
expected from a purely  v a r ia t io n a l  po in t of view, as th e  a d d itio n  of 
e x tra  b a s is  fu n c tio n s  allow s more f l e x i b i l i t y  to  th e  wave fu n c tio n  
d e sc rip tio n .
The la rg e s t  percentage change in  an o r b i ta l  energy i s  th a t  of
o r b i t a l  23, by 2.3%. The d -o r b i ta l  co n tr ib u tio n  i s  not o f s -c h a ra c te r
in  th i s  case: th e  la r g e s t  c o e f f ic ie n t  i s  th a t  of th e  d -fu n c tio n , w ithxy
a s l ig h t ly  sm aller d c o n tr ib u tio n . The d -  and d -fu n c tio n s  haveyy XX zz
n e g lig ib le  c o e f f ic ie n ts .  As th e re  a re  a lso  la rg e  exponents on the  
2py-functions on C2, i t  seems l ik e ly  th a t  the  C-S bonding d isp la y s  some 
(d-p)IT  type in te ra c t io n .
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The e f f e c t  of th e  a d d itio n a l fu n c tio n s  on th e  sulphur can a lso  be 
noted in  the  charge d is t r ib u t io n  f ig u re s  from a M ulliken popu la tion  
a n a ly s is . C onsidering th e  t o t a l  atomic charges f i r s t ,  th e re  i s  l i t t l e  
o r no d iffe ren c e  in  th e  charges on Cl, 03, H4, 06, H7 and H9, but the  
d iffe re n c e  in  charge along th e  C2-S5 bond i s  reduced considerab ly , as 
th e  charges on C2 and 85 a re  reduced from -0 .23  to  -0 .16  and 0.05 to  
-0 .01 re sp e c tiv e ly . The overlap  between C2 and 85 shows a s l ig h t  
in c rease  in  p o p u la tio n , as does th e  su lphur atom occupancy. The number 
of e le c tro n s  a sso c ia te d  w ith  C2 d ecreases . Thus, th e  basic  tren d  in  
t h i s  reg io n , upon ad d itio n  of d -fu n c tio n s , i s  th a t  fewer e le c tro n s  a re  
a sso c ia te d  w ith  C2 near i t s  nucleus and more a re  a sso c ia ted  w ith  85.
The ne t e f fe c t  i s  to  reduce th e  negative  charge on C2. This p roperty  
o f the  su lphur atom may be thought of as he lp ing  to  s t a b i l i s e  any anion 
formed by the  removal of th e  pro ton , H7. This po in t w il l  be d iscussed  
more fu l ly  l a t e r  on.
A f u r th e r  c a lc u la tio n  was made using the  6-31G** b a s is  s e t  , w ith  
th e  3 -2 1G* optim ised geometry. This was made p o ss ib le  by an a l lo c a tio n  
of resou rces on th e  CYBER 205 a t  M anchester. Time l im i t s  prevented a 
complete geometry o p tim isa tio n , but th e  improved b a s is  s e t  should shed 
fu r th e r  l ig h t  on th e  e le c tro n ic  s tru c tu re  of th e  m olecule, a lb e i t  a t  
th e  3-21G* geometry.
The ad d itio n  of d -fu n c tio n s  to  th e  carbons and oxygens and 
p -fu n c tio n s  to  the  hydrogens re s u lte d  in  a low ering of the  to t a l  energy 
of the  spec ies  by 3.133 a .u . The wave fu n c tio n  was s im ila r  to  th e  
3-21G* one, showing s ig n if ic a n t  p a r t ic ip a t io n  of th e  d -fu n c tio n s  of 
su lphur in  some of th e  bonding o r b i t a l s .  O rb ita l 23 of the  wave 
fu n c tio n  in  th i s  b a s is  a lso  shows a s ig n if ic a n t  c o n tr ib u tio n  from the  
d -fu n c tio n  on th e  su lphur and th e  p -fu n c tio n  of 02. The to ta l  amount
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of e le c tro n  p a r t ic ip a t io n  in  th e  d -fu n c tio n s  on th e  su lphur fo r  th i s  
b a s is  s e t  i s  0.094 e le c tro n s  as opposed to  0.127 e le c tro n s  w ith  th e  
3-21G* b a s is  s e t .  In  f a c t ,  th e  t o t a l  fo r  Cl, o f 0.093, and C2, of 
0.095, a re  s im ila r  to  th a t  o f th e  su lphu r.
The su b s tra te  model was f u r th e r  in v e s tig a te d  by th e  use of two 
s u b s t i tu t io n s :  th e  replacem ent of th e  th io n y l group by a hydroxy group 
and by a proton, c re a tin g  two new m olecules in  a d d itio n  to  A. The 
optim ised geom etries of th e se  th re e  m olecules d i f f e r  markedly: upon 
rep lac in g  th e  su lphur, th e  carbon-carbon bond i s  shortened in  both 
cases.
The main change in  the  s u b s tra te  model upon rep lac in g  th e  th io l  
group w ith a hydroxy group, a p a r t from the  obvious change in  charge on 
X5, i s  the  a l t e r a t io n  of the  charge on carbon C2 from -0 .16  to  0 .34 . 
The more e lec tro n e g a tiv e  oxygen has drained the  carbon of some 
e le c tro n ic  charge, making i t  more p o s it iv e . This can be seen in  th e  
overlap popu la tion  of th e se  two sp e c ie s : th e  popu la tion  cen tred  a t  C2 
i s  5.53 and 5.01 re sp e c tiv e ly  fo r  molecule A and the  
h yd ro g en -su b stitu ted  m olecule A. The r e s t  of th e  m olecule i s  
comparable to  th e  s u b s t i tu te d  v e rs io n , except th a t  th e  C2-G6 bond 
overlap  has changed from 0.42 to  0 .47 .
The h y d ro g en -su b stitu ted  compound has very s im ila r  charges on th e  
atoms to  th e  th io n y l compound, except th a t  the  p ro tons H4 and H7 a re  
s l ig h t ly  l e s s  p o s it iv e . H7 i s  a lso  l e s s  p o s itiv e  in  the  
h y d ro x y -su b stitu ted  m olecule. I f  we look a t  th e  overlap  popu la tion  in  
t h i s  case, we f in d  th a t  th e re  i s  a d iffe ren c e  in  th e  overlap  on C2, as 
b efo re , which i s  reduced from 5.53 to  5 .31. Also th e  C2-06 bond 
overlap  has in creased  from 0.42 to  0.50.
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The bond overlap  of H7 to  C2 i s  co n stan t fo r  a l l  th re e  m olecules, 
being 0 .70, and th e  overlap  cen tred  on H7 i t s e l f  r i s e s  from 0.51 fo r  
molecule A to  0.53 fo r  th e  hydrogen su b s ti tu e n t and then  to  0.58 fo r  
the  hydroxy m olecule. Thus, i t  does not seem, (e sp e c ia lly  i f  we a lso  
consider th e  bond d is ta n ce  d a ta ) , as  i f  th e  enzymic re a c tio n  ga in s any 
advantage from a weakening of th e  a ldehydic  proton b inding -  i f  
anything th i s  i s  s tren g th en ed . However th e  e n e rg e tic  s t a b i l i s a t io n  of 
molecule C w ith  re fe re n c e  to  m olecule A seems a ju s t i f i c a t i o n  fo r  th e  
use of th e  h em ith io ace ta l as an i n i t i a l  s u b s tra te .  This c h a r a c te r is t ic  
does indeed seem to  be a r e la t iv e  s ta b i l i s a t io n  o f C, r a th e r  than  a 
d e s ta b i l i s a t io n  of A, as th e  a ldehydic  proton does seem to  be more 
secu re ly  bound to  C2 in  th e  su lp h u r-co n ta in in g  molecule A than  in  the  
o th e r two cases, so th e  removal of the  proton would be more d i f f i c u l t .  
T his, then , i s  compensated fo r  by the  increased  s t a b i l i t y  of th e  
c rea ted  anion, m olecule C.
I t  appears th a t  th e  d -fu n c tio n s  do allow the  molecule to  indulge 
in  some d-p in te ra c t io n ,  but th a t  i t  i s  not as im portant in  d e fin in g  
th e  chem istry of th i s  compound as was o r ig in a lly  thought. I t  would be 
in te r e s t in g  to  a ttem pt a geometry o p tim isa tio n  of t h i s  m olecule (and 
o th e rs  in  th i s  model scheme) a t  th e  6-31G** le v e l ,  as recommended by 
Wolfe e t  a l .  [158], to  see  i f  t h i s  made much d iffe re n c e  to  th e  
occupancy of th e  o r b i t a l s ,  o r to  th e  geometry of the  m olecule.
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6.4 The Anionic Hpeoles.
There a re  f iv e  an io n ic  m olecules in  th is  model scheme: fo u r w ith  a 
s in g le , o v e ra ll ,  neg a tiv e  charge and one d ian ion :
The f i r s t  two sp ec ie s , m olecules B and C, a re  obtained  by removing 
a proton frcm th e  s u b s tra te  analogue compound, A. Molecule B r e s u l t s
3from the  removal of th e  hydroxy pro ton , keeping th e  sp carbon, C2;
2m olecule C, on th e  o th e r hand i s  a p lan ar m olecule, w ith two sp 
carbons. The form al s t ru c tu re s  p ic tu red  in  F igure  6-1 imply th a t  th e  
excess neg ativ e  charge in  th ese  m olecules w il l  be lo c a ted  m ainly on th e  
oxygen atoms, but on d i f f e r e n t  oxygens.
The th ir d  anion i s  th e  d ian io n ic  sp ec ie s , D. This can be obtained  
from e i th e r  B o r C, by the  removal of the  re le v a n t hydrogen atom. The 
negative  charges in  t h i s  case a re  most l ik e ly  to  be found on the  oxygen 
atoms, w ith a carbon-carbon double bonded, p lan ar s tru c tu re  to  the  
m olecule.
The l a s t  two m olecules, F and G, a re  s in g ly  charged sp ec ie s  again  
and, l ik e  B and C, th e re  i s  one p lan ar sp ec ie s , molecule F, and one 
w ith an sp^ carbon, m olecule G. These s tru c tu re s  a re  a lso  l ik e ly  to  
have the  excess charge lo ca ted  on d i f f e r e n t  oxygens. Molecule F can be
th e  r e s u l t  of e i th e r  a proton a b s tra c tio n  from th e  ened io l
in te rm ed ia te , E, o r of a d d itio n  of a proton to  m olecule D. Molecule G,
on th e  o th e r hand can be the  r e s u l ta n t  only of an a d d itio n  to  the
d ian ion . The product analogue, H, i s  than derived  from e i th e r  o f th ese  
by a pro ton  a d d itio n  to  th e  a p p ro p ria te  atom.
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The anions B, D and G proved to  be unoptim isable w ith  th e  3-21G* 
b a s is  s e t :  they broke up in to  fragm ents in  which th e  SH~ s tru c tu re  i s  
eschewed from th e  carbon atom.
The rem aining p a r ts  a f t e r  th e  "geometry o p tim isa tio n "  in  the  case
of molecule B were c is -g ly o x a l and SIT“, but an ST0-3G o p tim isa tio n  
proved to  be more s ta b le .  The r e s u l ta n t  geometry was used as a 
s ta r t in g  p o in t fo r  a fu r th e r  a ttem pt a t  a 3-21G* c a lc u la tio n , but th i s  
again  proved to  be u n su ccessfu l. The ST0-3G-optimised s tru c tu re  i s  
l i s t e d  in  Table 6-3 and shown in  F igure  6-3 . Even in  th i s  s t a t e ,  the  
C-S bond len g th  i s  very long, a t  2.01 A. This may exp lain  the  
in s t a b i l i t y  when using  th e  b e t te r  b a s is  s e t ,  in  which the  su lphur atom 
i s  not described  by such a p rim itiv e  s e t  of fu n c tio n s  and can accept 
more e le c tro n ic  charge, r e s u l t in g  in  the  c iss io n  of th i s  bond.
Molecule G a lso  has a s ta t io n a ry  po in t on th e  ST0-3G su rfa ce , but
again , th i s  could no t be found using  th e  3-21G and th e  3-21G* b a s is
s e ts .  The ST0-3G geometry i s  l i s t e d  in  Table 6-4 and shown in  F igure  
6-4 . The fragmented "products" of th e  o p tim isa tio n  procedure were 
formaldehyde, carbon monoxide and th e  th io l  anion again .
A s im ila r  s ta t e  of a f f a i r s  ho lds fo r  molecule D, th e  double
an ion ic  sp ec ie s . This gave an optim ised geometry r e s u l t  a t  the  ST0-3G 
le v e l ,  p resen ted  in  Table 6-5 and F igure 6-5, but no s ta t io n a ry  p o in t 
was ev iden t using th e  3-21G and 3-21G* b a s is  s e ts .  Again, th e  C-S bond 
leng th  i s  very long , being 2.10 A in  the  ST0-3G s tru c tu re .  This weak
bond, along w ith  th e  a d d itio n a l b a s is  fu n c tio n s  a v a ila b le  to  th e  h igher
le v e l c a lc u la tio n s  seem to  combine, as befo re , to  make th e  th io n y l 
anion and o th er fragm ents more s ta b le  than  th e  complete m olecule, so 
the  S-C bond i s  sundered by the  op tim ising  c a lc u la tio n s .
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The a c tu a l ST0-3G wave fu n c tio n s  fo r  th ese  th re e  m olecules a re  
very poor indeed: m olecules B and G have only 22 bound m olecular 
o r b i ta l s  and molecule D has 15 bound o r b i t a l s ,  whereas a l l  o f them 
should have 24 occupied, bound o r b i t a l s .  T herefore , th e re  i s  not much 
in fo rm ation  which can be said  to  be r e l ia b ly  o b ta in ab le  from th ese  wave 
fu n c tio n s .
From th e  above c a lc u la tio n s , i t  seems safe  to  assume th a t  
s tru c tu re s  such a s  B, D and G do not play a ro le  in  th e  g lyoxalase  I  
re a c tio n  mechanism. I t  could be argued th a t  s t a b i l i s a t io n  by a c a tio n  
may occur in  th e  enzyme, though; fo r  in s ta n ce  th e  z in c  atom of th e  
g lyoxalase  I  a c tiv e  c en tre  could be chela ted  by th e  two oxygens.
Lavery and Pullman have in v e s tig a te d  th e  model re a c tio n  scheme in  
con junction  w ith  a magnesium io n , fin d in g  th a t  th i s  ion  reduced the  
la rg e  energy b a r r ie r  between c e r ta in  of th e  sp ec ie s . A s im ila r  scheme 
was t r i e d  w ith th e  reduced model system used in  th i s  work. 
U nfo rtunate ly , th e  c o n s tra in ts  of computer d isk  space a v a i l a b i l i ty  
rendered th i s  study v i r t u a l ly  im possib le w ith th e  3-21G* b a s is  s e t  on 
th e  S t Andrews VAX. T herefore a p re lim inary  in v e s t ig a t io n , using  th e  
ST0-3G b a s is  s e t  was undertaken. This w il l  be d iscu ssed , along w ith 
d e ta i l s  of the  o th e r  m olecules p lus magnesium, l a t e r  in  th i s  ch ap te r.
The f i r s t  s ta b le  an io n ic  sp ec ie s , molecule C in  th e  Lavery and 
Pullman scheme, has been s tu d ie d  w ith  th e  3-21G, 3-21G* and 6-31G** 
b a s is  s e ts .  As b efo re , in  th e  su b s tra te  analogue case , th e  6-31G** 
c a lc u la tio n  used th e  3-21G* geometry. The r e s u l t s  of th e  f u l l  geometry 
o p tim isa tio n s  w ith  th e  two sm aller b a s is  s e ts  a re  l i s t e d  in  Table 6-6 
and th e  3-21G* b a s is  s e t  geometry i s  drawn in  F igure 6-6.
— 104 —
Molecule C i s  a p lan ar m olecule, formed by th e  removal o f the  
proton from th e  C2 carbon of th e  s u b s tra te  analogue. The re a c tio n  then  
must proceed v ia  th e  ened io l in te rm ed ia te , assuming th a t  th e  d ian io n  i s  
u n s tab le . This i s  e n e rg e tic a l ly  more favourab le , a lso , as th e  ened io l 
in te rm ed ia te  l i e s  lower in  energy than  C, whereas the  d ian ion  has a 
h ig h e r energy than  C on th e  ST0-3G su rfa ce , which i s  the  only one 
stu d ied  which seems to  have anything resem bling a s ta t io n a ry  p o in t on 
i t .  The a d d itio n  of a pro ton  to  t h i s  an ion ic  sp ec ie s  re le a s e s  alm ost 
as much energy as was req u ired  to  form i t  from the  s u b s tra te , as the  
ened io l i s  of comparable energy to  th e  s u b s tra te  and product models.
Molecule C i s  formed by th e  removal of the  proton H7 from molecule 
A. Upon removing t h i s  pro ton , a p a r t from the  obvious change in  the  
o v e ra ll  charge on th e  m olecule, th e  C1-C2 bond len g th  i s  shortened 
considerab ly  and th e  Cl-03 bond len g th en s. The con jugation  ev iden t in  
molecule C along th e  03-C1-C2-85 p lane i s  re sp o n sib le  fo r  th ese  
changes. The oxygen atoms hold most of the  negative  charge on m olecule 
A, as would be expected due to  t h e i r  e le c tro n e g a tiv i ty , but 02 a lso  has 
some negative  charge. This charge on the  carbon i s  reduced upon 
removal of th e  proton and form ation  of the  p lan ar anion. The negative  
charge on the  su lphur in c re a se s .
The main d iffe re n c e  between the  optim ised geom etries o f molecule C 
u sing  th e  3-21G b a s is  s e t  and using  the  3-21G* b a s is  s e t  i s  th e  len g th  
o f th e  C-S bond, as w ith  molecule A. This bond len g th  i s  shortened by 
4%, suggesting  th a t  the  d - o r b i ta l s  a re  again s tren g th en in g  th i s  bond. 
The only o th e r changes lead in g  to  a g re a te r  than  1% change a re  the  
shorten ing  of th e  S-H bond len g th  by 1,9% and th e  red u c tio n  of th e  
C1-C2-06 angle by 1.3%.
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On exam ination of th e  en erg ies  of th e  m olecular o r b i t a l s  i t  i s  
found th a t  th e  la rg e s t  d iffe re n c e  in  energy between th e  two wave 
fu n c tio n s  i s  an in c re a se  of 0.106 a .u . in  m olecular o r b i ta l  1, due to  
the  s -c h a ra c te r  c o n tr ib u tio n  of the  d -o r b i ta l s  to  the  in n e r s h e ll  
su lphur I s - o r b i t a l .  The change in  en erg ies  of th ese  o r b i t a l s  i s  much 
more pronounced than  the  case o f th e  su b s tra te  model: th e re  a re  e ig h t 
m olecular o r b i t a l s  w ith  a percentage change in  energy g re a te r  than  1%, 
w ith  by f a r  th e  g re a te s t  diange o ccu rring  in  the  twenty fo u r th , and 
h ighest-occup ied  o r b i ta l  i t s e l f ,  which i s  reduced in  energy by 15%.
All but two of th e  to p  12 o r b i t a l s  a re  reduced in  energy r e la t iv e  to  
t h e i r  3 -2 1G e q u iv a len ts .
The h ig h es t occupied m olecular o rb i ta l  i s  composed so le ly  of p^ 
components in  th e  3-21G case , w ith  th e  ad d itio n  o f 3d^^ and 3d^^ 
components on th e  su lphu r fo r  th e  3-21G* case , ("Die z -d ire c t io n  i s  
pe rpend icu la r to  th e  plane of th e  m olecule). The h ig h e s t occupied 
m olecular o r b i ta l  c o n s is ts  of is o la te d  p -o r b i ta l s  on th e  oxygens and 
the  su lphur, w ith a Tt -bonding fu n c tio n  of the  opposite  p o la r i ty  on th e  
two carbon atoms. The d -fu n c tio n s  on th e  su lphur have th e  opposite  
sign  to  th e  3p -fu n c tio n s  and so can combine w ith  th e  C2 2p^ to  give 
some (d-p) TT bonding. There a re  a lso  lower energy o r b i t a l s  which have 
an in -phase  d-p c o n tr ib u tio n  on th ese  two atoms.
The M ulliken p opu la tion  overlap  fo r  C2 and S5 i s  0,25 and 0.29 fo r  
3-21G and 3-21G* re sp e c tiv e ly . Also, the  su lp hu r-su lphu r overlap  has |Iin c reased  from 15.66 to  15.74 and th e  carbon popu la tion  has decreased |
s l ig h t ly ,  from 6,03 to  5 ,90 . This supports th e  id ea  th a t  th e re  i s  some i
(d-p) TT bonding, as th i s  type of bond i s  a d a tiv e  one, in  which th e  j1carbon p -o r b i ta l s  donate to  th e  empty su lphur d - o r b i ta l s .
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The a c id i ty  of th e  aldehydic  pro ton  ad jacen t to  the  su lphur has 
been in v e s tig a te d  by comparing th e  s t a b i l i t y  of th e  anion and the  
s u b s tra te  fo r  th e  v a rio u s  s u b s ti tu te d  compounds.
These s u b s ti tu te d  d e r iv a tiv e s  of molecule C do show some 
d iffe re n c e s  in  t h e i r  s t ru c tu re  and pop u la tio n s . The bonding d is ta n ce s  
fo r  the  o r ig in a l m olecule a re  somewhere between those  of th e  
h y d ro x y -su b stitu ted  v e rs io n  and th e  hyd ro g en -su b stitu ted  one in  a l l  
cases. The a d d itio n  of th e  th io l  group, in  p lace of hydrogen, 
c o n tra c ts  th e  C1-C2, C1-H4 and C2-06 d is ta n c e s  and widens th e  G1-03 and 
06-H8 le n g th s . Upon subsequent replacem ent o f th e  th io l  group by 
hydroxyl, th e re  i s  a marked enhancement of a l l  th ese  e f f e c t s ,  
e sp e c ia lly  the  carbon-oxygen d is ta n c e s .
The p a tte rn  of charges derived  from th e  M ulliken popu la tion  
a n a ly s is  i s  q u ite  s im ila r  in  th e se  th re e  m olecules, ( ig n o rin g  X5), 
except fo r  th e  carbon, C2, which i s  s im ila r  in  charge fo r  molecule C 
and i t s  hy d ro g en -su b stitu ted  v a r ia n t ,  w ith  -0.11 and -0 .1 4 , but has a 
charge of 0.42 in  th e  hyd ro x y -d eriv a tiv e , making i t  th e  most p o s itiv e  
atom p re sen t, w ith  an even g re a te r  charge than i s  on th e  hydroxyl 
p roton H9 (0 .3 9 ).
Molecule C has th e  h ig h e s t d ip o le  moment (4.26 D) o f th e  model 
re a c tio n  scheme; th i s  i s  a lso  tru e  fo r  the  h y d ro x y -su b stitu ted  sp ec ie s  
(4.15 D). However, th e  h y d ro g en -su b stitu ted  m olecule has the  low est 
d ipo le  in  i t s  group (1.85 D). The high d ipo le  moment of th i s  anion 
could be used to  r e -o r ie n ta te  th e  su b s ti tu e n t a f t e r  the  removal of the 
p ro ton , f a c i l i t a t i n g  the  fo llow ing  re -p ro to n a tio n  a t  th e  o th e r carbon 
atom.
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The 3-21G* optim ised geometry was used in  a 6-31G** s in g le  p o in t 
c a lc u la tio n . The red u c tio n  in  energy when t h i s  in c re a se  in  the  
f l e x i b i l i t y  of th e  b a s is  i s  made, i s  3.127 a .u . The su lphur d -fu n c tio n  
p opu la tion  i s  the  g re a te s t ,  as might be expected, w ith  0.10 e le c tro n s , 
then  th e  carbon d -fu n c tio n  pop u la tio n s  on Cl and C2 a re  0.087 and 0.079 
re s p e c tiv e ly , th e  oxygen po p u la tio n s  a re  ju s t  0.022 and 0,038 
re sp e c tiv e ly . The main c o n tr ib u tio n  of th e  su lphur d -fu n c tio n s  a re  the  
^xz dyg fu n c tio n s  in  th e  Tf -c h a ra c te r  o r b i t a l s .
The o th e r an io n ic  sp ec ie s , m olecule F, i s  an isomer of molecule C 
in  which the  proton of th e  hydroxyl has moved from 06 to  03. This can 
be achieved e i th e r  v ia  th e  Lavery and Pullman scheme, by a proton being 
added to  m olecule C to  form th e  en ed io l sp ec ie s , follow ed by a proton 
a b s tra c tio n  from th e  o th e r oxygen, o r by a d ir e c t  proton t r a n s fe r  
between the  two oxygens. The second mechanism can only be of 
im portance i f  th e re  i s  no s t e r i c  h indrance, a s  th e re  i s  in  th e  case of 
a ch ela ted  m etal io n . Here, the  hydrogen of the  hydroxyl would be 
p o in tin g  away from th e  o th e r oxygen and would be unable to  hop ac ro ss  
to  i t .  A t r a n s i t io n  s ta t e  s t ru c tu re  has been found fo r  th e  t r a n s f e r  o f 
th i s  proton and w i l l  be d iscussed  a f t e r  the  r e s u l t s  o f th e  study of 
molecule F a re  re p o rte d .
The geometry of th is  sp ec ie s  has been fu l ly  optim ised using th e  
3-21G and 3-21G* b a s is  s e t s .  The r e s u l t s  a re  re p o rted  in  Table 6-7 and 
th e  3-21G* geometry i s  shown in  F igure  6-7 . The 0-0 bond len g th  does 
not a l t e r  much in  comparison w ith  th e  isom eric  m olecule 0, but th e re  i s  
a n o ticeab le  sho rten ing  of th e  bond between carbon and the  negative  
oxygen. This oxygen was a tta ch ed  to  01 in  m olecule 0, b u t, as the  
pro ton  has tra n s fe r re d  to  i t  to  from F, the  o th e r oxygen, 06, has 
become the  negative  one. The ad jacen t su lphur s tren g th en s  the
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in te ra c t io n  between C2 and 06 compared to  th a t  o f Cl and 03 in  molecule 
C. This i s  i l l u s t r a t e d  by examining th e  M ulliken popula tion  to ta l  
atomic charges fo r  th e  two m olecules. In  molecule 0 th e  carbon 
a tta ch ed  to  th e  su lp h u r, C2, i s  a lso  a ttach ed  to  a hydroxyl oxygen and 
has an o v e ra ll  charge of -0 .1 1 , s im ila r  to  th e  -0 .1 0  found on th e  
su lphur atom. The carbon a tta ch e d  to  the  o th e r oxygen has an o v e ra ll 
charge of 0 .19 . In  c o n tra s t  to  th i s ,  C2 in  molecule F has a charge of 
0 .27 , s ig n if ic a n t ly  la rg e r  than  th a t  o f Cl in  m olecule C and th e  
su lphur has a charge of -0 .2 8 , This i s  th e  la r g e s t  negative  charge 
found on th e  su lphur in  t h i s  re a c tio n  scheme. Cl has th e  same value of 
-0 .11 as C2 in  molecule C and th e  negative  oxygen, 06 has a s im ila r  
charge to  th a t  of 03 in  m olecule C, w ith  -0 .7 9 , a s  opposed to  -0 ,8 1 .
I f  one examines th e  a l l - e le c t r o n  overlap popu la tions of the  
m olecules, i t  i s  obvious th a t  th e  su lphur atom i s  re sp o n sib le  fo r  th e  
increased  p o s it iv e  charge on C2, r e la t iv e  to  Cl of molecule C, as i t s  
own popu la tion  in c re a se s  from 15.74 to  16,07 and th e  C2-S5 bond 
p opu la tion  a lso  in c re a se s  from 0,29 to  0.33. Again, th e  d^^- and th e  
dy j,-functions play a p a r t  in  the  conjugated TT -bonding from 03 and 06, 
through Cl and C2 to  th e  su lphur. The o th e r d -fu n c tio n s  seem to  
c o n trib u te  to  the  su lphu r s - fu n c tio n s . The o v e ra ll e f f e c t  of the  
d -fu n c tio n s  i s  le s s  than  fo r  molecule C, in  which th e  su lphur i s  next 
to  th e  negative  carbon, C2: the  o v e ra ll popula tion  of th e  d -fu n c tio n s  
i s  0.138 e le c tro n s  in  molecule C and 0.108 in  molecule F,
Thus, the  ne t consequence of tr a n s fe r r in g  the  proton from 06 to  03 
i s  to  reverse  th e  charge on th e  two carbon atoms, using  the  su lphur 
atom to  make C2 more p o s it iv e  than  Cl p rev iously  was. This phenomenon 
may be used by th e  enzyme to  donate the  second proton -  which was 
o r ig in a lly  a tta ch ed  to  C2 -  to  Cl to  complete th e  iso m érisa tio n  
re a c tio n .
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A comparison of th e  3-21G and 3-21G* optim ised geometry r e s u l t s  
shows th a t  m olecule F i s  a f fe c te d  much more by th e  d -fu n c tio n s ' 
presence on th e  su lphur atom than  any o th e r sp ec ie s  in  the  scheme. The 
C2-S5 bond leng th  i s  reduced by 12% and th e  S5-H7 bond len g th  by 2.2%, 
compared w ith  about 4% and 1.9% fo r  th e  o th er in te rm e d ia te s . The C2-06 
bond len g th  i s  extended by 3.2% a lso , whereas th e  o th e r m olecu les '
C2-06 bond len g th s  do not change by more than 1%. There a re  a lso  la rg e  
changes in  th e  bond ang les C1-C2-S5 and C1-C2-06 which in c re ase  by 6.9% 
and decrease  by 7.0% re s p e c tiv e ly . The net e f fe c t  of th i s  bond angle 
movement i s  th a t  th e  06 oxygen moves away from th e  03 oxygen and th e  35 
sulphur moves c lo se r  to  th e  H4 atom and fu r th e r  away from 06, as the  
85-02-06 bond angle a lso  in c re a se s  by 2.2%. The 3-21G* optim ised  
s tru c tu re  in  th e  v ic in i ty  of C2 i s  a more even arrangem ent, w ith ang les 
c lo se r  to  120® than  th e  d is to r te d  3-21G geometry. The su lphur atom in  
p a r t ic u la r  i s  bent away from th e  C1-C2 a x is , as th e  C1-C2-S5 bond angle 
i s  only 105.8®.
The to t a l  d -o r b i ta l  popu la tion  of molecule F i s  only 0.10821, 
which i s  the  sm alles t t o t a l  in  th e  whole model scheme, no tw ithstand ing  
i t s  la rg e  e f f e c t  on th e  optim ised geometry. However, i t  does have the  
la rg e s t  t o t a l s  of s -  and p -fu n c tio n  popu la tions on th e  su lphur of any 
of the  in te rm ed ia te s , r e f le c t in g  th e  f a c t  th a t  i t  has th e  most negative  
su lphur atom in  th e  scheme, according  to  th e  M ulliken a n a ly s is .
There i s  considerab le  d iffe re n c e  in  th e  o r b i ta l  en erg ies  of the  
3-21G and the  3-21G* r e s u l t s ,  compared to  th e  o th e r m olecules, in  which 
the  g re a te s t  percentage d iffe re n c e  was of the  o rder of 2% to  4%. A ll 
the  top h a lf  of the  occupied m olecular o r b i t a l s ,  from o r b i t a l s  13 to  
24, have a g re a te r  than  1% change in  energy. The h ig h e s t occupied 
m olecular o rb i ta l  has the  la rg e s t  change, of 31%, and y e t the  change in
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th e  t o t a l  energy i s  th e  sm a lle s t found in  th e  re a c tio n  scheme upon 
going from th e  3-21G to  th e  3-21G* geom etries. This can be explained 
as fo llow s; th e  la rg e  change in  th e  m olecular geometry of molecule F 
upon th e  a d d itio n  of th e  d -fu n c tio n s  to  the  b a s is  prompts a la rg e  
change in  th e  n u c lea r rep u ls io n  energy term, o f 6 .8 9  a .u . ,  which i s  
balanced by an even la rg e r  change in  th e  e le c tro n ic  energy, of 
- 7 .0 0  a .u . ,  g iv ing  a sm all t o t a l  energy red u c tio n  compared to  the  o th e r 
m olecules. These a l l  have changes of around 2 a .u . in  the  n u c lea r 
rep u ls io n  energy term and a red u c tio n  of g re a te r  magnitude in  the  
e le c tro n ic  energy. Thus, the  a d d itio n  of the  d -fu n c tio n s  to  th e  b a s is  
o f molecule F has a profound e f f e c t  on th e  r e s u l ta n t  optim ised geometry 
wave fu n c tio n .
Upon rep lac in g  the  th io l  group, S5-H7, w ith  a hydroxy group or a 
hydrogen atom, the  carbon-carbon and carbon-oxygen bonds expand and th e  
o th e r bond len g th s  a re  f a i r l y  co n stan t (igno ring  th e  ones in c lu d in g  th e  
su lphur atom ). The M ulliken popu la tion  r e s u l t s  a re  more or le s s  th e  
same except a t  C2, where a charge of 0.27 fo r  th e  th io l  d e r iv a tiv e  i s  
rep laced  by 0.19 fo r  th e  hydrogen d e r iv a tiv e  and 0,63 fo r  th e  hydroxy 
d e r iv a tiv e , where i t  i s  ad jacen t to  two e lec tro n e g a tiv e  oxygens. As 
might be expected, th e  overlap  i s  l e a s t  on the  hydroxy d e r iv a tiv e  C2 
(4 .5 8 ) . The o th e r overlap  popu la tions -  again  ignoring  th e  s u b s ti tu te d  
group -  a re  very s im ila r ;  in  f a c t ,  they a re  c lo se r  to  th e  3-21G* 
optim ised geometry va lu es  of molecule F than th e  3-21G optim ised 
geometry v a lues a re . This i s  a lso  tru e  of th e  M ulliken to t a l  atom ic 
charges, in  which th e  3-21G s e t  a re  the  f u r th e s t  removed from the  
3-21G* ones, except fo r  th e  C2 p o p u la tio n s .
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A fu r th e r  s in g le  p o in t c a lc u la tio n  using th e  6-31G** b a s is  s e t  a t  
th e  3-21G* optim ised  geometry re s u lte d  in  a fu r th e r  energy red u c tio n  of 
3.129 a .u . The wave fu n c tio n  resembled the  3-21G* one, w ith 
c o n tr ib u tio n s  from th e  d^^- and dy^-fU nctions in  th e  conjugated 
T1-bonding o r b i t a l s ,  c o n s is tin g  m ainly of p^^-functions. The C2 atom 
a lso  seems to  have a co n sid erab le  population  in  i t s  d -fu n c tio n s . These 
seem to  p a r t ic ip a te  in  th e  bonding d e sc r ip tio n , r a th e r  than  th e  lower 
energy core o r b i t a l s ,  e sp e c ia lly  th e  p^-con ta in ing  o r b i t a l s .
6.5 The T ra n s itio n  S ta te  S pecies: Mnleciile. CE
P au lin g ’s o r ig in a l  id ea  [15], th a t  an enzyme i s  bound most 
s tro n g ly  to  th e  t r a n s i t io n  s ta t e  of the  re a c tio n  i t  c a ta ly se s  has 
enjoyed a resurgence o f p o p u la rity  since  i t s  re v iv a l by Wolfenden 
[160]. This au thor reviewed the  su b jec t thoroughly , l i s t i n g  a l l  th e  
then-known examples in  which th e  in h ib i to r s  of the  p a r t ic u la r  enzyme 
could be thought of as t r a n s i t io n  s ta t e  analogues. This paper 
s tim u la ted  much work based on th e  id e a , which i s  now firm ly  entrenched 
in  enzyme chem istry .
One problem w ith many of th e  d iscu ss io n s  of so -c a lle d  t r a n s i t io n  
s ta t e s  i s  th a t  they focus no t upon t r a n s i t io n  s ta te s  per se , but on 
re a c tiv e  in te rm ed ia te  sp ec ie s . A re a c tiv e  in te rm ed ia te  i s  a t r a n s ie n t  
sp ec ie s  o ften , bu t no t n e c e s sa r ily , of high energy, which e x is t s  on a 
re a c tio n  coo rd ina te  between th e  re a c ta n ts  and p roducts. I t  d i f f e r s  
frcm a tru e  t r a n s i t io n  s ta t e  in  th a t  i t  i s  a s ta t io n a ry  po in t which i s  
a minimum on the  re a c tio n  hypersu rface , whereas th e  t r a n s i t io n  s ta te  i s  
a maximum in  one co o rd ina te  d ire c t io n , th a t  i s ,  i t  i s  a saddle p o in t on
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th e  su rfa c e .
The theory of t r a n s i t io n  s ta t e  analogue in h ib i to r s  s ta t e s  th a t  an 
e f fe c t iv e  in h ib i to r  can be produced i f  i t  i s  s im ila r  in  s t ru c tu re  to  
th a t  of th e  t r a n s i t io n  s ta t e  of th e  enzym e-catalysed re a c tio n  [12]. I f  
we consider th e  re a c tio n  scheme devised from th e  model compounds, we 
can see th a t  th e  most e f fe c t iv e  in h ib i to r s  w il l  probably have a 
s tru c tu re  not s im ila r  to  th e  ened io l in te rm ed ia te , as suggested by 
Douglas and Nadvi [102], bu t to  one of the  an ion ic  m olecules C and F. 
These a re  high energy, t r a n s ie n t  sp ec ie s  which an enzyme would have to  
bind e f f ic ie n t ly  i f  th e  mechanism proceeded v ia  a l te r n a te  depro tona tion  
and p ro to n a tio n , as seems l ik e ly .
One tru e  t r a n s i t io n  s ta t e  has been found on th e  re a c tio n  
hypersu rface ; th i s  i s  the  t r a n s i t io n  s ta te  fo r  th e  t r a n s fe r  of a proton 
between th e  two oxygen atoms of m olecules C and F. I f  g lyoxalase  I  
c a ta ly se s  th i s  p rocess , r a th e r  than  allow ing the  form ation of th e  
ened io l sp ec ie s , E, then  th i s  sp ec ies  would be the  most t ig h t ly  bound 
one. U nfortunate ly , i t  i s  d i f f i c u l t  to  f in d  a compound which has a 
s im ila r  s tru c tu re  to  th i s  t r a n s i t io n  s ta t e ,  having a proton 
in te rm ed ia te  between two oxygen atoms; i t  i s  not very  s u rp r is in g  th a t  
th e  m ajo rity  of good in h ib i to r s  of g lyoxalase  I  co n ta in  a s tru c tu re  
s im ila r  to  the  O-C-C-0 sk e le to n  of m olecules C and F, or s im ila r  to  the  
enedio l sp ec ie s . By th i s  argument one would expect p lan ar 
oCrhydroxyketone compounds to  be b e t te r  in h ib i to r s  than  p lan ar ened io l 
ones. However, t h i s  i s  a l i t t l e  too  s im p lis t ic ,  as the  ease of 
depro tonation  of a hydroxyl group to  give an an io n ic  sp ec ie s  may a lso  
be im portant in  th e  case of e n e d io l- l ik e  compounds.
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The t r a n s i t io n  s ta t e  sp ec ie s  in  th i s  scheme, m olecule CF, was 
found by using  th e  t r a n s i t io n  s ta t e  search  algorithm  in  th e  Berny 
o p tim isa tio n  program in  GAUSSIAN 82. The search was c a r r ie d  out on th e  
3-210* su rfa c e . The r e s u l t in g  energy of CF was -621.5216 a . u . , 
compared w ith  -621.5358 a .u . ,  -621.5513 a .u . ,  and -622.1378 a .u .  fo r  
m olecules C, F and E re s p e c tiv e ly . The r e s u l ta n t  optim ised geometry i s  
l i s t e d  in  Table 6-8 and shown in  F igure  6-8.
The geometry of m olecule CF might be expected to  be halfway 
between the  geom etries of C and F and, indeed, th i s  i s  g en e ra lly  th e  
case. Most of th e  bond le n g th s  f a l l  between th e  two optim ised v a lues 
fo r  C and F, w ith  one no tab le  excep tion : the  carbon-carbon bond len g th  
i s  sh o rte r  than  th e  corresponding len g th s  fo r  th ese  m olecules, being 
1.328 A. This can be seen by looking a t  th e  M ulliken overlap  
popu la tions of th ese  sp e c ie s : th e  C1-C2 overlap  i s  f a r  g re a te r  in  CF 
(0.80) than  in  e i th e r  C (0 .48) o r F (0 .5 3 ). The o th e r obvious 
d iffe re n c e s  in  atom ic d is ta n c e s  a re  the  oxygen-hydrogen d is ta n c e s , 
which leng then  co n sid erab ly , from 0.97 to  1.2 A
The p a rt of the  m olecule which i s  to  th e  opposite  s id e  of th e  C-C 
bond from the  oxygens i s  comparable in  s tru c tu re  to  m olecules C and F: 
The su lphur atom of CF i s  s im ila r  to  th a t  o f m olecule C -  th e  bond 
d is ta n ce s  invo lv ing  th i s  atom a re  alm ost th e  same as the  re sp e c tiv e  
len g th s  in  m olecule C and th e  bond angle C2-S5-H7 i s  very s im ila r  in  
th ese  two sp ec ie s . The o th e r end of the  CF s tru c tu re  i s  n earer to  
molecule F in  shape: the  hydrogen placement invo lves a s l ig h t ly  la rg e r  
C1-H4 bond, bu t th e  same C2-C1-H4 ang le .
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The two oxygens, on the  o th e r s id e  of th e  molecule have both moved 
in  towards th e  in te rm ed ia te  hydrogen; th e  C-C-0 bond ang les have both 
become much more acu te , being around 112^ in s te ad  of th e  p rev ious 
v a lues near to  120°. The C-O-H an g les  have a lso  shortened from around 
100° to  around 80° and th e  0-H d is ta n c e s  have lengthened, a s  mentioned 
b efo re . The n e t e f f e c t  of th e  changes in  th e  C-C, C-0 and 0-H geometry 
i s  to  p lace th e  hydrogen f a i r l y  c e n tr a l ly ,  s ta b i l i s e d  by two weak 
bonding in te r a c t io n s .  I t  i s  s l ig h t ly  c lo se r  to  06 than  to  03, t h i s  
m arg inally  s tro n g e r a s s o c ia tio n  being re f le c te d  by th e  0-H M ulliken 
overlap  p o p u la tio n s , of which th e  06-H8 i s  th e  la rg e r .
The d -o r b i ta l  popu la tion  of th i s  sp ec ies  i s  0.136, which i s  le s s  
than  th a t  fo r  m olecule C, but more than  molecule F. The C2 overlap  
popu la tion  i s  5 .44 , which i s  a lso  midway between C and F, as i s  the  
atomic charge on C2 o f 0 .01 .
Perhaps th e  most in te r e s t in g  fe a tu re  of th i s  sp ec ie s  i s  the  
p o s itio n  of the  hydrogen H8, which i s  not bonded s tro n g ly  to  any 
p a r t ic u la r  atom, but has weak bonding a sso c ia tio n  w ith  both 03 and 06, 
w ith overlap  popu la tions o f 0.31 and 0 .32 . This compares w ith  0.51 and 
0.53 fo r  th e  hydroxyl bonds of th e  o th e r two m olecules.
The a l te rn a t iv e  ro u te  from C to  F invo lves th e  e n ed io l, E. This i s  
a very d i f f e r e n t  sp ec ie s  from th e  CF t r a n s i t io n  s t a t e ,  being a s ta b le  
in te rm ed ia te .
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6.6 The gnediol. Mo.delJ Molecule E
The ened io l sp ec ie s , m olecule E, has been proposed as a ta rg e t  
sp ec ie s  fo r  th e  design of " t r a n s i t io n  s t a t e ” analogue in h ib i to r s  of 
g lyoxalase  I .  I t  i s  a p lan ar molecule in  which th e  most s ta b le  
arrangem ent of th e  hydroxy groups i s  the  conform ation in  which the  
hydrogen atoms p o in t aw ^  from th e  su lphur atom. The energy of th i s  
molecule i s  -622.1378 a .u . ,  which i s  comparable to  th e  -622.1470 a .u . 
obtained fo r  th e  s u b s tra te  analogue, molecule A, and below the  en erg ies  
of th e  an io n ic  sp ec ie s  C and F (-621.5358 and -621.5513 a .u . 
re s p e c tiv e ly ) . The optim ised geometry, rep o rted  in  Table 6-9 , i s  fo r  
th e  3-21G and 3 -2 1G* b a s is  s e t s .  F igure 6-9 d e p ic ts  th e  optim ised 
geometry from th e  3 -2 IG* c a lc u la tio n .
An in te re s t in g  fe a tu re  of th e  s tru c tu re  of th i s  in te rm ed ia te  i s  
the  la rg e  included angle of th e  Cl hydroxyl group, C1-03-H9. This i s  
112.7°, whereas th e  hydroxyl group ang les in  th e  3-21G b a s is  s e t  a re  
g en era lly  around 109°.
The a d d itio n  of a pro ton  to  th e  03 oxygen of molecule C r e s u l t s  in  
the  form ation of th i s  en ed io l sp e c ie s . This i s  a favourab le  re a c tio n  
l ib e ra t in g  0.602 a .u . The e le c t r o s ta t i c  p o te n tia l  map in  the  plane of 
m olecule C has i t s  most neg a tiv e  reg ion  in  th e  neighbourhood of th e  
subsequent hydroxyl p ro to n 's  p o s itio n .
The change in  geometry a sso c ia ted  w ith t h i s  re a c tio n  dem onstrates 
the  tran sfo rm atio n  of a high energy m etastab le  sp ec ie s  in to  a s ta b le  
in te rm ed ia te . There i s  no am biguity about th e  s t ru c tu re :  the  
carbon-carbon d is ta n ce  i s  1.312 A, a d e f in i te  u nsatu ra ted  bond and the  
carbon-oxygen bonds a re  both long, being around 1.4 A, as opposed to
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molecule C, where one of th ese  was 1.3 A (Cl-03) and th e  o th e r was 
1.43 A (C2-06). The carbon-su lphur d is tan ce  a lso  sh o rten s , as the  
su lphur p a r t ic ip a te s  more in  th e  conjugated bonding a t  the  expense o f 
the oxygen atoms.
The a d d itio n  of d -fu n c tio n s  to  th e  su lphur, to  convert th e  3-&1G 
b a s is  s e t  re p re se n ta tio n  to  a 3-21G* one r e s u l t s  in  a sho rten ing  o f th e  
C2-S5 bond by 3$ and a sh o rten ing  o f the  S5-H7 one by 1,8%. A ll the  
o th e r changes a re  o f le s s  than  1%. This in te rm ed ia te  has the  g re a te s t  
t o t a l  popu la tion  of d -o r b i ta l s  of any molecule in  the  re a c tio n  scheme, 
and has the  s h o r te s t  C2-S5 bond, w ith  the  g re a te s t  overlap  popu la tion , 
of 0 .40.
The change in  energy of th e  in d iv id u a l m olecular o r b i t a l s  can be
d iv ided  in to  two groups as b e fo re : th e re  a re  changes brought about by
an a d d itio n  of s -c h a ra c te r  to  v a rio u s  o r b i ta l s ,  p a r t ic u la r ly  the  f i r s t
o r b i t a l ,  which i s  predom inantly su lphur I s ,  due to  equal c o n tr ib u tio n s
from th e  xx, yy and zz fu n c tio n s ; th e re  a re  a lso  changes brought about
by an improved d e sc r ip tio n  of th e  IT-bonding in  the  m olecule. This
l a t t e r  e f fe c t  i s  found in  th e  h ig h er occupied o r b i t a l s ,  w ith i t s
la rg e s t  percentage change in  the  twenty-second and tw en ty -fourth
o r b i t a l s .  M olecular o r b i t a l  24, th e  h ig h est occupied m olecular o r b i ta l
c o n s is ts  of ju s t  p^ c o n tr ib u tio n s  o f roughly th e  same magnitude on Cl,
C2, 03, 06 and 85 in  the  3-21G wave fu n c tio n . (The z -a x is  i s
perp en d icu la r to  th e  plane of th e  m olecule). The 3-21G* tw en ty -fou rth
m olecular o r b i ta l  i s  s im ila r , except th a t  i t  a lso  co n ta in s  a
c o n tr ib u tio n  from th e  d and d -fu n c tio n s . The o r b i t a l s  which can bexz yz
c lassed  as Tt-bonding s ta t e s ,  w ith p^ . c o n tr ib u tio n s  a re  found to  a l l
have d„„ and d„ c o n tr ib u tio n s  a lso , xz yz
..V
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The carbon-carbon bond o f th e  o r ig in a l enedio l sp ec ie s  i s  la rg e r
by a sm all amount than  th a t  of e i th e r  th e  hydroxy- o r the
h y d ro g en -su b stitu ted  sp ec ie s . The o th e r bonds a re  g e n e ra lly  comparable
to  the  hydrogen-replaced v a lu es , except fo r  the  p o s itio n in g  of th e  H8
atom, which i s  th e  hydroxyl pro ton  p o in tin g  towards th e  o th e r c is
hydroxyl group. This i s  n ea re r to  th e  ad jacen t hydroxyl oxygen, 03,
than  in  th e  o th e r two cases, w ith  a t ig h te r  C2-06-H8 angle and a la rg e r
06-H8 bond le n g th . The o th e r hydroxyl in te rn a l  an g le , C1-03-H9 i s
decidedly  la rg e  in  a l l  th re e  of th e  enedio l m olecules, being around
112.5°, The C1-C2-06 angle i s  a lso  t ig h te r  than fo r  th e  two
d e r iv a tiv e s , pushing th e  H8 proton even c lo se r  to  03, but a l l  th re e
2angles a re  w ider than  a normal sp carbon in te rn a l  ang le, due to  th e  
s t r a in  of th e  e c lip se d  conform ation. This compares w ith  th e  much more
3acute values found fo r  th e  s u b s tra te  models, which a re  of course sp 
carbon c e n tre s . They a re  a lso  w ider than the  corresponding ones fo r  
the  m olecule C d e r iv a tiv e s ,  where th e  C1-C2-06 ang les a re  about 117°.
A fu r th e r  c a lc u la t io n  on th e  enedio l was run using  the  3-21G* 
geometry and th e  6-31G** b a s is  s e t .  The energy was reduced to  
-625.2581 a .u . ,  a  red u c tio n  of 3.120 a .u . The form of th e  wave 
fu n c tio n  was s im ila r  to  th e  3 -2 1G* one, w ith d^^ and d^^ c o n tr ib u tio n s  
to  th e  -bonding o r b i t a l s .  The d -fu n c tio n s  placed on carbon C2 were 
alm ost as w ell populated as those on 85, having 0.092 e le c tro n s  as 
opposed to  0.10 e le c tro n s . The m ajo rity  of th i s  c o n tr ib u tio n  was to  
th e  Pg Tf-bonding o r b i t a l s  as d^^ and d^^ c o n tr ib u tio n s  as noted fo r  
the  o th e r m olecules.
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6.7 The Product Analogue:__MolAauljSLJi
The f in a l  product of the  model re a c tio n  scheme i s  molecule H. This
3 2has an sp carbon a t  Cl and an sp one a t  02 -  th e  opposite  to  th e
o r ig in a l  m olecule A. Unlike m olecule A, i t  i s  a sym m etrical m olecule,
of Os symmetry. I t  has been optim ised f u l ly  a t  both the  3-21G and
3-21G* le v e ls ,  th e  r e s u l t s  of th a t  o p tim isa tio n s  a re  p resen ted  in  Table
6-10 and th e  3-21G* geometry i s  shown in  F igure 6-10.
The carbon-carbon bond len g th  i s  la rg e r  than  th a t  of m olecule A, 
being 1.521 A, compared to  1.509 A. The carbonyl carbon-oxygen bond 
len g th , 02-06, i s  s l ig h t ly  la rg e r  than  the  o r ig in a l  carbonyl len g th  fo r
01-03 and th e  carbon-oxygen d is ta n ce  fo r  the  hydroxy group i s  a lso  
la rg e r  than  fo r  m olecule A. The carbon-sulphur i s  alm ost as sh o rt as 
the  ened io l carbon-sulphur d is ta n c e , being 1.766 A and the  to ta l  
d -fu n c tio n  c o n tr ib u tio n  to  th e  wave fu n c tio n  i s  a lso  second only to  
m olecule E, being 0.140 e le c tro n s  in  to t a l .
Molecule H i s  e n e rg e tic a lly  more s ta b le  than  the  isom eric 
m olecules A and E, in  f a c t ,  i t  i s  th e  most s ta b le  molecule in  th e  model 
scheme, the  t o t a l  energy of th e  sp ec ie s  being -622.1608 a .u .
The main d iffe re n c e  in  th e  geom etries of the  3-21G optim ised and 
th e  3-21G* optim ised r e s u l t s  i s  again  th e  C2-S5 bond le n g th , which i s  
reduced by 4.4%, and th e  S5-H8 d is ta n c e  which i s  reduced by 1.9%. The 
su lphur atom and the  carbonyl oxygen combine to  p u ll  e le c tro n s  away 
from C2, making i t  q u ite  p o s it iv e , w ith a M ulliken atomic charge of 
0 .30 . In  f a c t ,  t h i s  i s  th e  most p o s it iv e  C2 carbon in  th e  whole 
scheme, ju s t  as 02 i s  th e  most negative  fo r  molecule A. This re v e rsa l 
of charge on carbon when comparing th e  s u b s tra te  and product models i s
-  119 -
a lso  n o ticeab le  on Cl, where a charge of 0.31 becomes one of -0 .1 4  as
2 3Cl changes from an sp carbon to  an sp one. This i s  an enhancement of
the  e f f e c t  observed fo r  th e  conversion of the  is a n e rs  C to  F, in  which
th e re  i s  a s im ila r  re v e rs a l  of charge a t  th ese  c e n tre s .
The h ig h es t occupied m olecular o rb i ta l  shows a c o n tr ib u tio n  from
th e  d -  and d „ „ -fu n c tio n s , as  do a l l  th e  o th e r o r b i t a l s  w ith  xz yz
c o n tr ib u tio n s  from th e  p ^ -fu n c tio n s . The g re a te s t  change in  energy, 
upon adding th e  d -fu n c tio n s  to  th e  sulphur atom i s  a 1.5% red u c tio n  in  
the  energy of m olecular o r b i t a l  23, the  second h ig h e s t occupied 
o r b i t a l .  This has a c o n tr ib u tio n  from the  d ^ - f u n c t io n ,  but i t s  major 
c o n trib u tio n s  a re  p^ c o e f f ic ie n ts  on 85 and 06. M olecular o r b i t a l  22 
in c re a se s  in  energy by 1.4% and has co n trib u tio n s  from su lphur d^^- and 
dyg- as w ell as from th e  p ^ -fu n c tio n s  on the  o th e r atoms.
The to ta l  p o pu la tion  of th e  d -fu n c tio n s  i s  0.140 fo r  molecule H,
second only to  m olecule E, th e  en ed io l sp e c ie s . Both th e se  m olecules
a re  n e u tra l and have a p lan ar S-C-0 reg ion  in  t h e i r  s t ru c tu re .  The
2in te ra c t io n  between th e  sp carbon and th e  su lphur d -o r b i ta l s  i s  strong  
in  th ese  m olecules; th e  C2-S5 overlap  population  i s  .la rge  fo r  th e se  
sp ec ies  too .
The e f fe c t  of th e  a d d itio n  of d -o r b i ta l s  i s  a lso  apparent in  a 
comparison of th e  M ulliken to t a l  atom ic charges. The charges on Cl,
03, H4 and HT a re  about th e  same fo r  both 3-21G and 3-21G* wave 
fu n c tio n s , but th e  -charge on 02 and 85 a l t e r s :  th a t  on 02 in c re a se s  
from 0.20 to  0.30 and th e  charge on 85 decreases from 0.10 to  0 .02 , as 
more e le c tro n s  occupy th e  su lphur o r b i t a l s  a t  the  expense of the  
carbon. The 02-85 overlap  popu la tion  in c re a se s  from 0.31 to  0.38 and 
the  popu la tion  on 02 i s  reduced (5.44 -> 5.24) and th a t  on 85 i s  
in creased  (15.61 -> 15.75).
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I f  th e  th io l  group i s  rep laced  by a hydroxy group or a hydrogen 
atom, th e  r e s u l t in g  change in  geometry and e le c tro n  d is t r ib u t io n  i s  
ev iden t in  th a t  reg ion  of th e  m olecule only: th e  hydroxy s id e  of th e  
molecule i s  u n a ffec ted . The C1-C2 carbon-carbon bond sh rin k s 
considerab ly  when th e  su lphur i s  rep laced  b an oxygen atom. Likew ise, 
th e  t o t a l  atom ic charge p a tte rn  i s  only changed in  th e  reg ion  o f C2, 
(igno ring  th e  X5 s id e  group). C2 has a charge of 0.30 fo r  th e  th io l  
and hydrogen d e r iv a t iv e s , but a charge of 0.80 fo r  th e  hydroxy 
sp ec ie s . The overlap  p opu la tion  on 02 i s  a lso  decreased in  the  hydroxy 
d e r iv a tiv e , from 5.07 to  4 .54 .
The use of the  6-31G** b a s is  s e t  a t  th e  3-21G* optim ised geometry 
r e s u l t s  in  a red u c tio n  of the  energy by 3,248 a .u . ,  to  .,-625.2948 a .u . 
The la rg e s t  popu la tion  of d -fu n c tio n s  a re  again  found on 02 and 85, 
being 0.11 and 0.10 e le c tro n s  re sp e c tiv e ly .
6.8 £le.tttr.o.8.ta,t.lc....Rotentia l cs louletl cns
The m olecular e l e c t r o s t a t i c  p o te n tia l  maps in  th e  plane of the
O-C-C-0 framework were c a lc u la te d  fo r  th e  optim ised gecm etries of th e  
model compounds, using  a v e rs io n  o f th e  DENPOT program [139], 
in co rp o ra ted  in to  th e  GAÜ88IAN 80 program [138]. The van der Waals 
su rface  e le c t r o s ta t i c  p o te n t ia ls  were a lso  c a lc u la te d , using  ano ther 
v e rs io n  of GAUSSIAN 80 [143]. These were p lo tte d  using  th e  co lour 
p lo t t in g  program described  in  Chapter 5. The re s u l t in g  p ic tu re s  a re  
shown in  F igures 6-11 to  6-18.
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The main d ia g n o stic  fe a tu re  o f th e  p lan ar diagrams i s  th e  p o s itio n  
of th e  neg a tiv e  p o te n tia l  w e lls , which can be equated to  th e  oxygen and 
sulphur lone p a ir s .  At th e  s t a r t  o f the  model enzyme re a c tio n , 
m olecule A has a la rg e  w ell around th e  03 carbonyl oxygen and a sm aller 
one on th e  excluded s id e  of C2-06-H8 a t  a d is ta n ce  o f about 4 .8  A,
Upon removal of th e  H7 p ro ton , to  form th e  an io n ic  sp e c ie s , m olecule C, 
th e re  i s  an ex ten siv e  change in  th e  s tru c tu re  o f th e  MEP. As i s  the  
case fo r  most an ion ic  s p e c ie s , th e  surrounding e l e c t r o s ta t i c  p o te n tia l  
i s  negative  in  alm ost every d ire c t io n , as th e  o v e ra ll negative  charge 
w il l  a t t r a c t  a p o s it iv e  p o in t charge from any s id e . However, th e  
minima a re  again a sso c ia te d  s tro n g ly  w ith the  two oxygens, as one would 
expect and a re  about th e  same d is tan ce  a p a r t, a t  4 ,7  A. The shape of 
th e  w ells  has changed, though. Molecule A has a s u b s ta n tia l  rid g e  of 
p o s it iv e  p o te n tia l  between the  two oxygens, due to  th e  H9 hydrogen, but 
t h i s  i s  very much reduced in  molecule C so th a t  the  p o s it iv e  p o te n tia l  
does not pro trude even as f a r  as  th e  van der Waals su rface  of t h i s  
atom.
I f  we now consider m olecule E, the  ened io l sp ec ie s , we fin d  a 
d if f e r e n t  p a tte rn  again ; th e  minima a sso c ia te d  w ith the  oxygens have 
shrunk to  a q u ite  sm all s iz e  compared to  molecule A. Not only has the  
ad d itio n  of a proton to  th e  carbonyl o:^gen reduced th e  s iz e  of t h i s  
atom 's negative  reg io n , but a lso  th e  hydroxy oxygen, 06, has a reduced 
n e j^ tiv e  reg io n . This i s  because th e  atom H7 i s  now in  the  plane of 
the  m olecule, p inching th e  neg ativ e  reg ion  between i t s  re p u ls iv e , 
p o s it iv e  c o n tr ib u tio n  to  th e  MEP and th a t  of th e  H8 hydrogen. The 
d is tan ce  between th e  negative  reg ions fo r  th i s  sp ec ie s  i s  about 3-4 A, 
as the  p o s itio n  of th e  minimum a sso c ia te d  w ith  03 has changed because 
of i t s  a tte n d an t hydrogen atom, H9.
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Molecule F, being ano ther an io n ic  sp ec ies  does not have any 
ap p rec iab le  p o s it iv e  p o te n tia l  o u ts id e  the  van der Waals su rface  in  th e  
p lane of the  m olecule. Again, th e  deepest p a r t o f th e  negative  a reas  
a re  about 4.5 A a p a r t and th e  shape of th e  map i s  rem in iscen t of th a t  
of the  isom eric m olecule C, except th a t  th e  reg io n s  a sso c ia te d  w ith  th e  
oxygens a re  rev e rsed .
The f in a l  sp ec ie s , m olecule H, has the  la r g e s t  negative  reg ion  of 
any n e u tra l sp e c ie s , a sso c ia te d  w ith  i t s  hydroxyl oxygen and a more 
compact o a rb o i^ l reg ion  of a s im ila r  s iz e  to  th e  o r ig in a l hydroxy 
oxygen reg ion  of m olecule A. The negative  w e lls  a re  again  about 4 .3  A 
a p a r t .
The e le c t r o s ta t i c  p o te n tia l  on th e  van der Waals Connolly su rface  
has a lso  been ca lc u la te d  fo r  c e r ta in  members of the  re a c tio n  scheme.
The c a lc u la tio n  was r e s t r i c te d  to  th e  n e u tra l members of th e  scheme, as 
th e  an ion ic  sp ec ie s  cannot be d ir e c t ly  compared to  th e  n e u tra l 
in h ib i to r  m olecules. The r e s u l t s  a re  shown in  Photographs 1 to  4,
The van der Waals su rfa ce  e l e c t r o s ta t i c  p o te n tia l  p lo ts  have 
negative  reg ions a sso c ia te d  w ith  th e  oxygen and su lphur atoms, as one 
would expect. The ened io l sp e c ie s , molecule E, a lso  has a negative  
reg ion  between th e  two carbon atoms, whereas th e  s u b s tra te  and product 
analogues, m olecules A and H, have a p o s itiv e  p o te n tia l  in  th i s  a re a . 
Thus th e  conversion of th e  bond between th e  carbons o f th e  su b s tra te  to  
an u n sa tu ra ted , r ig id  bond i s  accompanied by a complete change in  the  
p o te n tia l  of th i s  a re a . A " t r a n s i t io n  s t a t e ” in h ib i to r  of th i s  enzyme 
might be expected to  have a s im ila r  p o te n tia l  in  t h i s  reg ion , or a t  
l e a s t  i t  should not have th e  p o s itiv e  reg io n s . This w i l l  be d iscussed  
in  th e  next ch ap te r.
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6.9 Bi Rdi-ngL-gtudlee With Magnesium.
The UMRCC CYBER 205 has a v e rs io n  of th e  GAMESS program which 
in c lu d es  th e  MINIT o p tim isa tio n  ro u tin e  developed by B ell and Crighton 
C l6 l]. This has proved to  be a b e t te r  a lgorithm  than  th e  Berny one fo r  
op tim ising  the  geometry^ of more unusual systems [162]. The geom etries 
of the  m olecules in  th i s  re a c tio n  scheme have been optim ised w ith  the  
ad d itio n  of a magnesium d ic a t io n  between the  two oxygen atoms, a s  an 
attem pt to  mimic th e  g lyoxalase  I  a c tiv e  s i t e  z inc  atom. I t  has been 
shown by M annervik's group th a t  th e  m agnesium -substituted enzyme works 
ju s t  as w ell as th e  o r ig in a l z inc  v e rs io n  [64]. Lavery and Pullman 
[149] a lso  s tu d ied  th e  e f f e c t  of magnesium on th e  model compounds in  
th e i r  p a r tia lly -o p tim ise d  scheme. They found th a t  the  a d d itio n  of 
magnesium re s u lte d  in  a la rg e  drop in  the  a c t iv a t io n  energy needed to  
remove th e  p ro tons, s ta b i l i s in g  th e  an ion ic  sp ec ie s  r e la t iv e  to  th e  
n e u tra l ones.
The energ ies  obtained  from th e  3-21G* o p tim isa tio n  of th ese  
m olecules a re  rep o rted  In  Table 6-11, and th e  optim ised geom etries a re  
l i s t e d  in  Tables 6-12 to  6-19 and shown in  F igures 6-11 to  6-18.
As can be seen from Table 6-11, th i s  work seems to  support th a t  o f 
Lavery and Pullman in  th a t  th e  a c t iv a tio n  en erg ies  o f a l l  th e  s te p s  a re  
reduced co n sid erab ly , as th e  binding  energy of th e  an ions w ith 
magnesium i s  g re a te r  than  th e  binding energy fo r  the  n e u tra l sp ec ie s . 
(There a re  no binding energy r e s u l t s  fo r  th e  m olecules B, D and G, as 
th ese  were unstab le  w ithout th e  magnesium io n ) . The binding en erg ies  
w ith magnesium a re  -0 .6 7  a .u . fo r  th e  an ion ic  sp ec ie s  C and F,
-0 .28  a .u . fo r  A and E and s l ig h t ly  more, -0 .3 0  a .u . ,  fo r  the  product 
analogue, H.
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The a c tu a l p o s itio n in g  of th e  magnesium ion  in  th ese  f u l l  
o p tim isa tio n  r e s u l t s ,  compared to  th e  p a r t i a l ly  optim ised work of 
Lavery and Pullman, i s  more c e n tr a l ,  w ith  sh o r te r  bonding d is ta n c e s  of 
about 1.8 A fo r  Mg^^-o” in te ra c t io n s  and about 1.9 A fo r  magnesium to  
carbonyl o r hydroxyl oxygens, as opposed to  1.77, 1.97 and 2.00 A.
The most favoured pathway, e n e rg e tic a l ly , i s  s t i l l  v ia  C, E and F 
as found fo r  th e  o r ig in a l  scheme, but the  ro u te  v ia  D i s  p o ss ib le  t h i s  
tim e, as the  dep ro to n a tio n  re a c tio n  re q u ire s  0.366 a .u .  and the  
p ro to n a tio n  re a c tio n  of im idazo le, which i s  probably p a rt of th e  base 
of the  a c tiv e  s i t e  (h is t id in e )  [69 ], i s  -0 .397 a .u .  in  th e  3-21G 
b a s is . However, i t  seems th a t  i t  would be d i f f i c u l t  to  e f f e c t  t h i s  
second dep ro tona tion  i f  th e re  was any proton donating sp ec ies  p re sen t, 
as th e  C->E p ro to n a tio n  re a c tio n  energy i s  -0.0204 a .u . ,  a much more 
favourab le  ro u te . For in s ta n c e , th e  depro tonation  of H^O* in  t h i s  
b a s is  g ives an energy o f 0.305 a .u . The dep ro to n a tio n  re a c tio n  of E to  
g ive F re q u ire s  only 0.189 a .u .  now, compared w ith  0.587 a .u . fo r  th e  
o r ig in a l  scheme and could e a s i ly  be accomplished by a base such as 
h is t id in e .
There i s  one im portan t q u a l i f ic a t io n  which must be placed on th e  
above scheme. Not one of th e  m agnesium -associated m olecules has a good 
wave fu n c tio n  in  th a t  th e re  a re  always a number of bound, unoccupied 
m olecular o r b i t a l s .  Molecule D, th e  d ian ion , has only one e x tra  bound 
o r b i t a l ,  bu t th e  an io n ic  sp ec ie s  have 4 o r 5 and the  n e u tra l (p rev ious 
to  a d d itio n  of Mg^^) sp ec ie s  A and H have 13 and 12 bound unoccupied 
o r b i ta l s !  Therefore i t  i s  u n fo rtu n a te ly  the  case th a t  l i t t l e  emphasis 
can be placed upon th i s  scheme as being of in te rp re t iv e  va lue .
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6.10 M d lt io n  Q f-A lkyl Groups ICLJ^ulphmr
As th e  amount of computer tim e a v a ila b le  in c reased , i t  became 
p o ss ib le  to  expand th e  model scheme to  inc lude  c a lc u la tio n s  on la rg e r  
sp ec ie s , as w ell as th e  m agnesium -associated sp ec ie s . The s ta b le  
in te rm ed ia tes  from th e  o r ig in a l  scheme were used, re p la c in g  th e  th io l  
hydrogen w ith  m ethyl, o r, in  th e  case of the  su b s tra te  and product 
models, w ith e th y l groups. The th io l  group i s  th e re fo re  converted in to  
a th io e th e r  group. The r e s u l ta n t  optim ised geom etries, using the  
3-21G* b a s is  s e t  a re  l i s t e d  in  Tables 6-20 to  6-24. An attem pt was 
a lso  made to  optim ise th e  m olecule B s tru c tu re  w ith an e th y l group 
re p la c in g  the hydrogen, but th i s  proved to  be u n s tab le , throwing out an 
SEt sp ec ie s . I t  i s  immediately apparen t, from in sp ec tio n  of these  
v a lu es , th a t  th e  replacem ent of th e  hydrogen w ith la rg e r  a lk y l groups 
does not a f f e c t  th e  geometry of th e  molecule in  any g re a t manner: th e  
changes in  bond len g th s  a re  very sm all, being le s s  than  1%. The 
charges and overlap  po p u la tio n s  from the  M ulliken a n a ly s is  a re  very 
s im ila r  to  th e  o r ig in a l  m o lecu les ' v a lu es , except th a t  the  charge on 
the  sulphur i s  g en e ra lly  in creased  by about 0.25 e l e c t r o s ta t i c  u n its ,  
due to  th e  in d u c tiv e  e f f e c t  of the  ad jacen t a lk y l group in  comparison 
w ith a s in g le  hydrogen. The main p o in t i s  th a t  th e  O-C-C-0 p a r t  of the 
molecule i s  un affec ted  by th e  presence or absence of th e  a lk y l group, 
v in d ic a tin g  th e  o r ig in a l  d e c is io n  to  rep lace  the  g lu ta th io n e  reg ion  
w ith a th io l  group.
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Table 6-1 T otal E nergies And Energy D ifferences Of M olecules 
In  The R eaction Scheme, In  Atonic U n its .
3-21G 3-21G* SH->OH SH->H
A -622.0374 -622.1470 -300.9307 -226.4844C -621.4236 -621.5358 -300.2996 - 225.8609E -622.0237 -622.1378 -300.9212 -226.4747F -621,4505 -621.5513 -300.3331 -225.8609H -622.0472 -622.1608 - 300.9634 -226.4844
A— +0.6138 +0.6112 +0.6311 +0 .6235C->E -0.6001 -0.6020 -0.6216 - 0 .6138E->F +0.5732 +0.5865 +0.5881 +0.6138F->H -0.5967 -0.6095 -0.6303 -0.6235
A->E +0.0137 +0.0092 +0.0095 +0.0097E->H -0.0135 -0.0230 -0.0422 - 0,0097
C->F -0.0269 -0.0155 - 0.0335 0.0000A->H -0.0098 -0.0138 - 0.0327 0.0000
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Table 6-2 Optimised Geometries Of Molecule A And Some D erivatives,
Replacing Thionyl, In Angstroms And Degrees.
3 -2 1G 3-21G* SH->OH SH->H
C1-C2 1.509 1.517 1.515 1.509C1-03 1.208 1.208 1.208 1.210C1-H4 1.080 1.081 1.078 1.083C2-X5 1.906 1.828 1.419 1.08502-06 1.404 1.416 1.401 1.426
C2-H7 1.078 1.081 1.082 1.085X5-H8 1.350 1.325 0.96703-H9 2.088 2.074 2.086 2.097
06-H9 0.972 0.972 0.971 0.970C2-C1-03 120.5 120.8 121.1 121.6C2-C1-H4 116.2 116.2 115.3 116.103-C1-H4 123.3 123.0 123.6 122.3C1-C2-X5 105.8 107.5 102.9 108.6Cl—02—06 111.1 110.0 110.2 110.4X5-C2-06 111.0 111.6 113.5 110.7C1-C2-H7 110.8 109.0 110.2 108.7X5-C2-H7 106.6 108.4 110.7 107.706-C2-H7 111.4 110.2 109.2 110.7C2-X5-H8 95.5 95.2 111.1 m m
C2-06-H9 109.3 109.1 109.9 108.503-C1-C2-X5 120.5 121.7 121.3 121.503-C1-C2-H7 -124.4 -121.0 -120.7 —121.6
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Table 6-3 Optimised Geometry Of Molecule B, Using ST0-3G B asis,













Table 6-4 Optimised Geometry Of Molecule G, Using ST0-3G B asis,






02-01-03 116.902-01-H4 97.703-01-H4 119.0
01-02-85 114.001-02-06 128.985-02-06 117.1
02-01-H7 97.7
03-01-H7 119.0
H4-C1-H7 102.402-S5-H8 96.106-02-01-H4 128.2
06-02-01-H7 -128.2
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Table 6-5 Optimised Geometry Of Molecule D, Using ST0-3G B asis,
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Table 6-6 Optimised Geometries Of Molecule C And Some D erivatives,
Replacing Thionyl, In Angstroms And Degrees.
3-21G 3-21G# SH->OH SH->H
C1-C2 1.334 1.338 1.324 1.340
Cl-03 1.301 1.300 1.327 1.298C1-H4 1.093 1.095 1.089 1.100C2-X5 1.848 1.776 1.408 1.06902-06 1.427 1.433 1.417 1.443X5-H7 1.349 1.324 0.965 ——03-H8 2.111 2.083 1.992 2.14506-H8 0.978 0.978 0.983 0.97402-01-03 122.8 123.2 120.9 125.302-01-H4 116.3 116.1 116.9 114.603-01-H4 121.0 120.7 114.9 120,101-02-X5 128.6 129.1 130.0 127.801-02-06 118.7 117.2 117.1 117.1X5-02-06 112.7 113.8 116.6 115.102-X5-H7 94.9 94.9 106.202-06-H8 100.4 100.3 99.4 100.9
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Table 6-7 Optimised Geometries Of Molecule F And Some D erivatives,
Replacing Thionyl, In Angstroms And Degrees.
3-21G 3-21G* SH->OH SH->H
C1-C2 1.324 1.334 1.338 1.340
Cl-03 1.442 1.441 1.448 1.443C1-H4 1.060 1.065 1.063 1.069C2-X5 2.173 1.913 1.425 1.100C2—06 1.226 1.265 1.274 1.298
X5-H7 1.355 1.325 0.96703-H8 0.967 0.970 0.970 0.97406-H8 2.588 2.312 2.262 2.145
C2-C1-03 119.5 118.0 117.5 117.1C2-C1-H4 126.2 127.1 126.7 127.803-01-H4 114.3 114.9 115.8 115.101-02-X5 105.8 113.1 115.5 114.601—02—06 140.1 130.3 128.7 125.3X5-02-06 114.1 116.6 115.9 120.1
02-X5-H7 92.6 92.5 104.101-03-H8 107.0 103.9 103.1 100.9
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Table 6-8 Optimised Geometries Of Molecule CF, The Transition State
















Table 6-9 Optimised Geometries Of Molecule E And Some D erivatives,
Replacing Thionyl, In Angstroms And Degrees.
3 -2 1G 3-21G* SH->OH SH->H
C1-C2 1.307 1.312 1.309 1.310
C1-03 1.406 1.407 1.417 1.404C1-H4 1.066 1.067 1.064 1.068C2-X5 1.823 1.763 1.358 1.066C2-06 1.374 1.379 1.365 1.379X5-H7 1.348 1.323 0.966 ——03-H8 2.183 2.156 2.170 2.24506-H8 0.971 0.970 0.968 0.96803-H9 0.962 0.961 0.961 0.961
C2-C1-03 116.1 116.1 115.1 117.5C2-C1-H4 123.9 124.1 123.6 123.203-C1-H4 120.0 119.8 121.3 119.3C1-C2-X5 124.3 124.8 124.3 123.0C1-C2-06 123.0 121.9 123.0 123.5X5-C2-06 112.8 113.4 112.8 113.5
C2-X5-H7 94.6 94.1 110.6 ————C2-06-H8 109.4 109.3 110.4 109.8C1-03-H9 112.7 112.7 112.0 112.8
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Table 6-10 Optimised Geometries Of Molecule H And Some D erivatives,
Replacing Thionyl, In Angstroms And Degrees.
3-21G 3-21G* SH->OH SH->H
Cl-02 1.512 1.521 1.504 1.509
01-03 1.425 1.424 1.424 1.42601-H4 1.083 1.083 1.082 1.083
02-X5 1.847 1.766 1.345 1.08502-06 1.200 1.209 1.204 1.210
01-H7 1.083 1.083 1.082 1.083X5-H8 1.350 1.325 0.969
03-H9 0.970 0.970 0.969 0.97006-H9 2.123 2.074 2.147 2.09702—01—03 109.9 109.6 110.0 110.402-01-H4 108.7 108.9 108.3 108.703-C1-H4 110.6 110.5 111.0 110.701-02-X5 113.9 115.2 111.8 116.101-02-06 123.0 121.0 124.3 121.6X5-02-06 123.0 123.9 123.9 122.302-01-H7 108.7 108.9 108.3 108.7
03-01-H7 110.6 110.5 111.0 110.7H4-01-H7 108.4 108.4 108.1 107.702-X5-H8 95.8 95.0 112.8
01-03-H9 109.4 108.9 109.4 108.4
04-02-01-H7 121.1 121.0 " 121.5 121.604-02-01—H8 -121.1 -121.0 -121.5 -121.6
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Table 6-11 T otal E nerg ies And Energy D ifferences Of Molecules 
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Table 6-12 Optimised Geometry Of Molecule A Plus
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Table 6-13 Optimised Geometry Of Molecule B Plus Mg^ ,^




02-85 1.83702-06 1.40702-H7 1.08485-H8 1.325
03-Mg9 1.948
06-Mg9 1.793
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Table 6-14 Optimised Geometry Of Molecule 0 Plus Mg^ ”**,
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Table 6-15 Optimised Geometry Of Molecule D Plus Mg^ **",
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Table 6-16 Optimised Geometry Of Molecule E Plus Mg^*,
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Table 6-17 Optimised Geometry Of Molecule F Plus Mg^ "*",
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Table 6-18 Optimised Geometry Of Molecule G Plus Mg^ ,^







02-01-03 108.802-01-H4 107.903-01-H4 112.1
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Table 6-19 Optimised Geometry Of Molecule H Plus Mg^ **",
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Table 6-20 Optimised Geometry Of Molecule A, Ethyl Replacing
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Table 6-21 Optimised Geometry Of Molecule C, Methyl Replacing
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Table 6-22 Optimised Geometry Of Molecule E, Methyl Replacing





85-07 1.82203-H8 2.10906-H8 0.970









Table 6-23 Optimised Geometry Of Molecule F, Methyl Replacing








07-H9 1.08307-H10 1.08307-H11 1.083
02-01-03 118.302-01-H4 126.903-01-H4 114.8
01-02-85 114.101—02—06 128.385—02—06 117.6
02-85-07 97.301-03-H8 103.7
85-07-H9 108.6H9-07-H10 110.3
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Table 6-24 Optimised Geometry Of Molecule H, Ethyl Replacing
Thiol Hydrogen, In Angstroms And Degrees.
3-21G*
C1-C2 1.523








02-01-03 109.602-01-H4 110.503-01-H4 110.5
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Figure 6-1 The Model R eaction Scheme.
0 OHtC-C-SH (A)
/  \H H
■“0 OH 0 0“
(C) \=C  HcLc-8H (B)/  \  IH SH H
4  ^  1
HO OH 0 0
\ / \  /(E) CaC C=C (D)
V  \  /  \H SH H SH
i  /  I
HO 0 -  "O 0
(F) C=C H-C-C (G)/  \  1 \H SH H SH
\  /
HO 0I //H-C-C (H)
I \H SH
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Figure 6-3 The ST0-3G Optimised Gecanetry Of Molecule B.
H4
S5
-  153 -
Figure 6-4 The ST0-3G Optimised Geometry Of Molecule G,
Ha
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Figure 6-5 The ST0-3G Optimised Geometry Of Molecule D.
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Figure 6-6 The 3-*21G* Optimised Geometry Of Molecule C.
H4
S5
-  156 -
Figure 6-7 The 3-21G* Optimised Geometry Of Molecule F.
H4
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Figure 6-8 The 3-21G* Optimised Geometry Of Molecule CF,
S5
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Figure 6-9 The 3-21G* Optimised Geometry Of Molecule E.
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Figure 6-11 The 3-21G* Optimised Geometry Of Molecule A Plus Mg2+
I1G10
H 8
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Figure 6-12 The 3-210* Optimised Geometry Of Molecule B Plus Mg2+
H 8
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Figure 6-13 The 3--21G* Optimised Geometry Of Molecule C Plus Mg2+
H 8
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Figure 6-14 The 3-21G* Optimised Geometry Of Molecule D Plus Mg2+
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Figure 6-15 The 3-21G* Optimised Geometry Of Molecule E Plus Mg2+
t l G I O
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Figure 6-16 The 3-21G* Optimised Geometry Of Molecule F Plus Mg^ "*".
.03
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Figure 6-17 The 3-21G* Optimised Geometry Of Molecule G Plus Mg^*.
M G 9 <
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Figure 6-18 The 3-21G* Optimised Geometry Of Molecule H Plus Mg^*.
MG I
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CHAPTER 7
THE INHIBITORS OF GLYOXALASE I
— 169 —
The in h ib i t io n  of g lyoxalase  I  can be divided in to  th e  broad 
c a te g o rie s  described  in  Chapter 3: namely g lu ta th io n e -b ased  in h ib i to r s ,  
n a tu ra l in h ib i to r s ,  "reductones" and mechanism-based in h ib i to r s .  This 
work concerns i t s e l f  w ith  th e  l a s t  category fo r  th e  fo llow ing  reaso n s:
The design of more powerful in h ib ito ry  m olecules fo r  g lyoxalase  I  
could be achieved by an exam ination of the  p ro p e r tie s  of the  c u rre n t 
mechanism-based in h ib i to r s ,  p rov id ing  th e re  i s  some knowledge of the  
enzyme mechanism. This in v e s t ig a t io n  could a lso  work in  re v e rse , as 
th e  in h ib i to r s  them selves provide in form ation  about th e  enzyme binding 
s i t e  p ro p e r tie s . The n a tu ra l in h ib i to r s ,  on the  o th e r  hand, do not 
lend  them selves to  th e  system atic  development of o th e r in h ib ito ry  
sp e c ie s ; they a re  u su a lly  p re sen t as a s in g le  chemical sp ec ie s  in  a 
b io lo g ic a l system, and t h e i r  s tru c tu re  can be as much due to  the  
requirem ents and id io sy n c ra s ie s  of the  organism 's b io sy n th e tic  
mechanisms as to  th e  fu n c tio n a l in h ib i t io n  of g lyoxalase  I .  The 
n a tu ra l in h ib i to r s  can be good s t a r t in g  m a te r ia ls  fo r  th e  design of 
enzyme in h ib i to r s ,  b u t, in  th e  case of g lyoxalase  I ,  th e re  i s  l i t t l e  
p o in t in  examining th e se  e s o te r ic  sp ec ies  in  any g rea t d e ta i l .  This i s  
because b e t te r  in h ib i to r s  which a re  alm ost c e r ta in ly  e a s ie r  to  r e la te  
to  the  enzyme mechanism a re  a v a ila b le . The "reductones" have the  
paene-ened io l s t ru c tu re ,  emphasised by Douglas and Nadvi [102], and so 
could be f i t t e d  in to  the  mechanism-based in h ib i to r  category , except 
th a t  they were o r ig in a lly  t r i e d  as in h ib i to r s  because of t h e i r  
an ti-tum our p ro p e r tie s  [101],
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The design of enzyme in h ib i to r s  -  or indeed any drug -  by ra t io n a l  
approaches has a much g re a te r  appeal to  any se r io u s  s c ie n t i s t  than the  
screen ing  of v a s t numbers of compounds in  th e  hope th a t  one might prove 
to  be of u se . In  o rd er to  design  enzyme in h ib i to r s ,  i t  i s  necessary  to  
have some knowledge of th e  enzyme re a c tio n  and, p re fe ra b ly , of th e  
a c tu a l enzym e-substrate  in te r a c t io n s .  The re le v a n t in form ation  
a v a ila b le  to  us on th e  g lyoxalase  I  re a c tio n  i s  p resen ted  in  C hapters 3 
and 6: to  summarise, the  enzyme seems c e r ta in  to  c a ta ly se  a proton 
t r a n s fe r  re a c tio n  as opposed to  a hydride t r a n s f e r ,  and th i s  re a c tio n  
i s  in te rm o lecu la r , r a th e r  than  in tram o le c u la r . A re p re se n ta tio n  of th e  
re a c tio n  i s  given in  F igure  3-1 . th e  a c tiv e  s i t e  of th e  enzyme must 
accommodate no t ju s t  the  glyoxal sec tio n  of th e  s u b s tr a te ,  which i s  the 
p a r t which i s  chem ically  a l te re d ,  but a lso  th e  g lu ta th io n e  p a r t .  This 
i s  obvious when one co n sid ers  th a t  g lu ta th io n e  analogues a re  in h ib i to r s  
of the  enzym e-catalysed re a c tio n . There i s  a lso  evidence th a t  th e re  i s  
a la rg e  hydrophobic reg ion  near th e  enzyme s i t e  [89,90 ,973.
I t  seems l ik e ly  th a t  th e  g lu ta th io n e  s tru c tu re  i s  re sp o n sib le  fo r  
th e  i n i t i a l  b ind ing , p lac in g  th e  oC-keto end of the  su b s tra te  in  th e  
c a ta ly t ic  reg ion  of th e  enzyme. T herefore an in h ib i to r  could e i th e r  
block th e  i n i t i a l  b ind ing , as th e  g lu ta th io n e  analogues do, or th e  
subsequent in te ra c t io n  w ith  the  c a ta ly t ic  appara tu s, as the  
" t r a n s i t io n - s ta te "  in h ib i to r s  a re  expected to  do.
The mechanism-based in h ib i to r s  f i r s t  described  were those of 
Douglas and Nadvi [102], who found th a t  m a lto l,
3-hydroxy-2-m ethyl-4H -pyran-4-one, and o th e r paene-ened io l s tru c tu re d  
compounds were in h ib i to r s  of g lyoxalase  I .  This was follow ed by th e  
p u b lic a tio n  of d e ta i l s  of o th e r  " t r a n s i t io n - s ta te "  in h ib i to r s  which 
were purported to  resem ble th e  enedio l s tru c tu re  which i s  probably
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p re sen t a t  some stage  In  th e  enzym e-catalysed re a c tio n . A model of th e  
ened io l in te rm ed ia te  i s  d iscussed  in  Chapter 6. I t  i s  a s ta b le ,  
n e u tra l sp ec ie s  of comparable energy to  th e  s u b s tra te  and product 
m olecules; i t  i s  not a t r a n s i t io n  s ta t e  sp ec ie s . The in h ib i to r s  a re  
e s s e n t ia l ly  in te rm ed ia te -an a lo g u es, being re la te d  to  th e  en ed io l, as 
opposed to  th e  h ig h er energy an io n ic  sp ec ie s  a lso  in v e s tig a te d  in  
Chapter 6.
The in h ib i to r  m olecules s tu d ied  in  th i s  work a re  l i s t e d  in  Table 
7-1 , along w ith  t h e i r  I^ q c o n cen tra tio n s  fo r  the  in h ib it io n  of 
g lyoxalase  I .  These I^ q v a lues were obtained from P ro fesso r Richard 
Brandt and h is  co-w orkers, using  a system in c lu d in g  human e ry th ro cy te  
g lyoxalase  I ,  which i s  probably th e  n e a re s t c u rre n tly  used in  v i t r o  
system to  in  vivo g lyoxalase  I ,  The corresponding s t ru c tu re s  fo r  th ese  
compounds a re  shown in  F igu res 7-1 and 7-2.
The o r ig in a l  th e o re t ic a l  s tu d ie s  of th i s  group on the  in h ib i to r s  
were c a r r ie d  out p r io r  to  th e  d iscovery  th a t  th e  flav o n es  and most of 
th e  coumarins d e r iv a tiv e s  were a c tiv e . Some of th e se  l e s s  in h ib ito ry  
compounds have been s tu d ie d  in  t h i s  work, bu t th e  m ajo rity  of e f f o r t  
has been d ire c te d  a t  in v e s t ig a tin g  th e  flav o n es, and subsequently  the  
coumarin d e r iv a t iv e s . This i s  fo r  two main reaso n s: th e  flavones and 
coumarins a re  b e t te r  in h ib i to r s  than th e  o th e r m olecules and they form 
two groups of s t r u c tu r a l ly - r e la te d  compounds which lend  them selves to  
system atic  study.
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7.1 The Flavonoid ComoQunda.
The flavono id  compounds compounds s tu d ied  were mainly f la v o n o ls , 
which a re  ox id ised  forms of a  group of chem icals, th e  flav o n es, which 
possess th e  s t ru c tu re  below [1633:
The A and B r in g s  behave as arom atic r in g s , p a r t ic u la r ly  th e  
hydroxy flav o n es  which resem ble phenols in  most of t h e i r  re a c tio n s , and 
the  C rin g  behaves as a m odified pyrone r in g , F lavonols a re  hydroxy 
d e r iv a tiv e s  of the  b a s ic  flavone shown above. Many of them a re  found 
in  n a tu re  [1633, occu rring  in  h igher p la n ts , but not in  anim als. They 
u su a lly  occur as g ly co sid es , which can be e a s i ly  hydrolysed back to  the  
re sp ec tiv e  f la v o n o ls . The c h a r a c te r i s t ic  ox id a tio n  p a tte rn  found fo r  
most f la v o n o ls , w ith  hydroxy or methoxy groups a t  p o s itio n s  3, 5 and 7 
and a t  any of 3 *, 4* and 5 ’ , i s  due to  the  mixed b io sy n th es is  of th ese  
compounds: r in g  A i s  derived  from a c e ta te ,  bu t r in g  B and the  carbons 
of r in g  C a re  th e  p roducts of th e  shikim ic acid  pathway [1643. This 
r e s u l t s  in  th e  form ation of fo u r b asic  p a tte rn s  of flav o n o l s t ru c tu re ,  
based on the  ex ten t of hydroxy la tion  of rin g  B: th e  s im p lest i s  
ga lang in , 3 ,5 ,7 - trih y d ro x y flav o n e , then in  o rder of ex ten t of 
hydroxy la tion , kaem pferol, 3 ,5 ,7 ,4 * -te trah y d ro x y flav o n e , q u e rc e tin , 
3 ,5 ,7 ,3 * ,4 ’-pentahydroxyflavone, and m y rice tin ,
3 ,5 ,7 ,3 ',4 ',5 * -h ex a h y d ro x y fla v o n e . V arious o th e r n a tu ra l f lav o n o ls  a re  
c rea ted  from th ese  b asic  ones by m éthy la tion , or ad d itio n  of e x tra  
hydroxyl groups.
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All th e  flav o n o ls  and t h e i r  g ly co sid es  a re  yellow  or pa le  yellow , 
but they a re  no t re sp o n sib le  fo r  yellow  c o lo ra tio n  in  flow ers as they 
a re  p resen t in  too small a c o n cen tra tio n . The yellow  c o lo ra tio n  i s  
g en era lly  due to  caro teno id  pigm ents. The flav o n o ls  do give body to  
w hite  flow ers, which would otherw ise appear tra n sp a re n t, and th e i r  
u l t r a v io le t  ab so rp tion  i s  probably im portant in  a t t r a c t in g  in s e c ts  to  
th e  p la n ts . F lavonols a re  a lso  found a sso c ia te d  w ith  th e  l ig n in  of 
wood and le av es  [1633.
The flavonoid  fam ily  a re  re sp o n sib le  fo r  a wide range of
b io lo g ic a l e f f e c t s ,  which inc lu d e  the  in h ib it io n  of v a rio u s  enzymes.
These inc lude  a ldose  red u c tase  [165,1663, lipoxygenase [167,1683,
2+arom atase [1693, Ca /phospholip id-dependent p ro te in  k inase  [1703, 
phosphorylase k inase [1713 and ty ro s in e  p ro te in  k inase  [1713. Some 
flavones have been shown to  in h ib i t  g lyoxalase  I  very e f fe c t iv e ly  
[1073.
The flavono ids have a lso  been suggested as a n t iv i r a l  ag en ts , based 
on th e  a c t iv i ty  of c e r ta in  3-methoxyflavones ag a in s t human rh in o v iru s , 
which i s  considered to  be th e  main cause of th e  common cold [1723.
They have a lso  been proposed fo r  th e  trea tm en t of c a ta ra c ts  in  
d ia b e tic s  [165,1663, as they in h ib i t  a ldose red u c tase , an enzyme which 
seems to  i n i t i a t e  th e  process le ad in g  to  th e  form ation of sugar 
c a ta ra c ts .
F lavonols such as q u e rc e tin  have a lso  been found to  be a c tiv e  in  
in h ib i t in g  the  tum origenesis of mouse sk in  tumours. This has been 
ascribed  to  v a rio u s  mechanisms.
.  174 -
Flavones, along w ith  e l la g ic  a c id , ano ther phenolic  compound found 
in  p la n ts , were found to  in h ib i t  tumour form ation in  mouse sk in  which 
was tre a te d  i n i t i a l l y  w ith  bay-reg ion  d io l-ep o x id es  and then  w ith  TFA 
[173], This in h ib i t io n  could be by d ir e c t  a c tio n  on th e  d io l-ep o x id es  
[173,174] as th e se  sp ec ie s  d isap p ear frcan so lu tio n  when flavones a re  
added to  them in  v i t r o  [1733, o r th e  in h ib i t io n  could be due to  
in h ib i t io n  of enzymes im portant in  tum origenesis. This l a t t e r  
ex p lana tion  was invoked by Kato e t  a l .  [1673 to  ex p la in  the  observed 
in h ib i t io n  of tumour promotion in  mouse sk in  by TPA. They suggested 
th a t  th e  flavones in h ib ite d  lipoxygenase. I t  was subsequently  shown by 
Wheeler and Berry [168], th a t  c e r ta in  flav o n o id s  do indeed in h ib i t  
lipoxygenase. An in te r e s t in g  e f f e c t  of flavone, i t s e l f ,  on tumour 
development was noted by A1worth and Slaga [1753: th e  e f f e c t  was found 
to  be co n cen tra tio n  dependent; high doses in h ib ite d  tum origenesis, 
whereas low doses seemed' to  enhance i t .  This was suggested to  be due 
to  d if f e r e n t  r a te s  of re a c tio n  on more than one enzyme or re c e p to r . 
Another flav o n e , q u e rc e tin , was found to  be a po ten t in h ib i to r  of 
calcium and phospholipid-dependent p ro te in  k inase  a c t iv i ty  [170]. The 
flavono l a lso  in h ib i t s  th e  enzyme when i t  i s  s tim u la ted  by TPA in s te a d  
of calcium . The in h ib i t io n  probably occurs a t  a d i f f e r e n t  s i t e  from 
the  TPA binding s i t e ,  a s  q u e rc e tin  does not appear to  a f f e c t  TPA 
b inding .
The flavono id  compounds s tu d ied  were mostly hydroxylated  
d e r iv a tiv e s  of 3-hydroxyflavone, w ith  two d e r iv a tiv e s  of
3-hydroxyflavanone, naringen in  and ta x i f o l in .  These flav o n o id s  a re  
shown in  F igure 7 -1 . The flavone compounds a re  much more po ten t 
in h ib i to r s  than  th e  flavanone ones, in d ic a tin g  th a t  th e  double bond 
between carbon 2 and carbon 3 i s  im portan t, o r th a t  the  conform ation of 
th e  molecule in fluenced  by th i s  bonding i s  im portan t: th a t  i s ,  the
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su b s ti tu e n t groups on C2 and C3 a re  in  th e  plane of th e  r in g s  A and C 
in  th e  flav o n es , but a re  a t  an angle to  th i s  plane when C2 and C3 a re
3sp cen tres .T h e  in h ib i t io n  inc reases, w ith  th e  e x ten t of hydroxyla tion  
of the  phenyl r in g  B, but th i s  i s  not th e  so le  determ inant of 
in h ib ito ry  power, a s  3-hydroxyflavone, w ith  no hydroxyl groups on th e  
phenyl r in g , i s  as good an in h ib i to r  as q u e rc e tin . On th e  o th e r hand, 
the  hydroxy la tion  p a tte rn  a t  carbons 5 and 7 does not seem to  be 
im portan t, a s  3-hydroxyflavone does not possess e i th e r  of th ese  groups 
and f i s e t i n  only has th e  7-hydroxy group, but i s  o f comparable s tre n g th  
to  q u e rc e tin . Apart from th e se  two, th e  o th e r m olecules s tu d ied  do 
have th e  5 - and 7-hydroxy groups. This i s  a legacy from th e  a c e ta te  
b io sy n th e tic  pathway, which i s  used to  c o n stru c t r in g  A,
I t  was not p o ss ib le  to  carry  out a f u l l  geometry o p tim isa tio n  of 
a l l  th e  flavone compounds because of the  c o n s tra in ts  o f a v a ila b le  time 
imposed on the  work. Nor i s  i t  com pletely necessary , as th e  property  
of in te r e s t ,  th e  m olecular e le c t r o s ta t i c  p o te n t ia l ,  has proved to  be 
in s e n s i t iv e  to  th e  q u a li ty  of th e  wave fu n c tio n  [135]. The b asic  
sk ele to n  of th e  m olecules -  th e  chrcmone double r in g  -  was optim ised 
using th e  ST0-3G b a s is  s e t ,  however. The r e s u l t s  a re  l i s t e d  in  Table 
7-2 and th e  optim ised geometry i s  dep icted  in  F igure 7-3 .
The low est energy form has th e  hydroxy group p o in tin g  towards th e  
carbonyl group. The carbonyl group i t s e l f  i s  d is to r te d  s l ig h t ly  
towards th e  hydroxy side  of th e  m olecule a s  C2-C7-011 i s  126.1®, 
whereas the  o th e r  ang le , C8-C7-011, i s  only 120.4®. The carbon-carbon 
bonding d is tan ce  a re  a l l  about 1.4 A, except fo r  C2-C7 and C7-C8, which 
a re  about 1.5 A, and C4-C8 which i s  1.325 A. These la tte r-m e n tio n e d  
d ev ia tio n s  occur because th e  pyrone r in g  i s  not a d e lo ca lised  
s t ru c tu re ,  but has a d e f in i te  double bond, C4-C8, and two s in g le  bonds, 
C2-C7 and C7-C8. This i s  m anifested  in  the  chem istry as w ell as the
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bonding of t h i s  p a r t of th e  compound.
S tu d ies  of th e  ^ -p y ro n e  r in g  i t s e l f ,  a s  w ell as th e  
su lp h u r-rep laced  d e r iv a t iv e s , have been c a r r ie d  out and published  
C176] .  The %-pyrone sp ec ie s  was optim ised using th e  3-21G b a s is  s e t .  
I t  was found th a t  th e  bond le n g th s  corresponding to  C4-C8 and C1-C2 
were 1.321 A in  th i s  b a s is ,  whereas those corresponding to  C2-C7 and 
C7-C8 were 1.469 A. There was l i t t l e  evidence of d e lo ca lised  behaviour 
in  the  wave d e sc r ip tio n  e i th e r :  th e  h ig h est occupied m olecular o r b i ta l  
eigenvalue c o e f f ic ie n ts  a re  p^ c o n tr ib u tio n s  (p e rp end icu lar to  th e  
plane of th e  m olecule), but th e  d ire c t io n  of the  03 p ^ -fu n c tio n  i s  
op p osite  to  th a t  of th e  C1-C2 and C4-C8 fu n c tio n s , forming a diene p lus 
oxygen lo n e -p a ir  s t ru c tu re .  This i s  m irrored  by th e  chromone wave 
fu n c tio n : the  HOMO c o e f f ic ie n ts  a re  a l l  p^ ones, w ith  th e  03 p^ in  the  
opposite  d ire c tio n  from those  of 01, 02, 04, 08 and 05.
The o th e r r in g , a fused benzene r in g , has bond le n g th s  vary ing  
from 1.376  to  1.403  A and i s  d e lo c a lise d  in  c h a ra c te r , even though the  
bond le n g th s  05-06 and 09-010 a re  n o ticeab ly  sh o r te r  than  th e  o th e rs .
New th a t  th e re  was a chrcmone sk ele ton  a v a ila b le , i t  was p o ss ib le  
to  add on th e  p he i^ l r in g  and the  hydroxyl groups to  produce the  
flavone compounds. I t  was thought th a t  th i s  might in flu en ce  th e  
geometry of th e  3-hydroxy group, so an i n i t i a l  in v e s t ig a tio n  of the  
e f fe c t  of 2 -s u b s t i tu e n ts  on th e  3 -hydroxy and 4-carbonyl was 
undertaken. The d e r iv a tiv e s  chosen were based on a range of simple 
groups, namely OH, NHg, F, and Me. The carbon sk e le to n  was kept 
co n stan t and th e  geometry of the  2 -su b s ti tu e n t and th e  3-hydroxy and
4-carbonyl groups was optim ised  fo r  each m olecule. The r e s u l t s  a re  
shown in  Table 7 -3 . I t  can be seen th a t ,  a p a r t from the  dihydroxy 
compound, the geometry of th e  3- and 4 -p o s itio n s  i s  u n affec ted  -  or
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only m arg inally  a ffe c te d  -  by th e  s u b s ti tu e n ts .  The dihydroxy compound 
i s  m ostly u n a ffec ted , except fo r  th e  bond an g les C4-C8-012 and 
C7-C8-012, which a re  in c reased  and reduced by 2®, pushing th e  3-hydroxy 
group c lo se r  to  th e  2-hydroxy group. This in te ra c t io n  i s  due to  th e  
hydrogen bonding in te ra c t io n  between th e  2 -hydroxy hydrogen and th e  
3-hydroxy oxygen. The carbonyl oxygen a t  p o s itio n  4 s tay s  bent towards 
th e  3-hydroxy group and a l l  th e  bond ang les  a re  th e  same as th e  
corresponding ones fo r  th e  u n su b s titu ted  3-hydroxychromone.
The 3 to  4 a rea  of th e  m olecule was thought to  be im portant in  th e  
a c t iv i ty  of th e  flav o n es . As th e  3- and 4 -p o s itio n s  of th e  chromone 
r in g  seem to  be u n a ffec ted  by th e  2 -s u b s t i tu t io n s  described  above, i t  
seems ju s t i f i a b l e  to  g r a f t  on th e  phenyl group to  co n stru c t 
3-hydroxyflavone, or f la v o n o l, w ithout any fu r th e r  o p tim isa tio n .
The flavones s tu d ied  inc lu d e  a l l  th e  a c tiv e  in h ib i to r s  which were 
aglycones; m y r ic i tr in , q u e r c i t r in  and r u t in  were too  la rg e  to  study 
using  th e  ST0-3G b a s is  s e t .  This leav es  n ine flav o n es  and flavanones 
w ith an a c t iv i ty  range of ju s t  under two o rders  of magnitude, from 
ta x i f o l in ,  w ith  an co n cen tra tio n  of 330yUmol 1 \  to  m y rice tin , 
w ith  one of 5 yumol l"*^.
The in h ib ito ry  s tre n g th  of th ese  m olecules seems to  be a l l i e d  to
c e r ta in  fe a tu re s  of t h e i r  s t ru c tu re .  In general term s, th e  flav o n es
a re  more in h ib ito ry  than  th e  flavanones, which could e i th e r  be due to
the  chemical p ro p e r tie s  of th e  2 ,3 -double  bond of the  flav o n es , or ju s t
2to  the  s t e r i c  consequences of th e  sp carbon atoms, en fo rc in g  the  
s u b s ti tu e n ts  to  be in  th e  same plane as the  chromone r in g . Another 
necessary  fe a tu re  seems to  be hydroxylation  of th e  phenyl r in g , as the  
in h ib i t io n  in c re a se s  w ith  in c re a s in g  numbers of hydroxyl groups on th i s  
r in g . There i s  an anomaly, however, in  th a t  3-hydroxyflavone, which
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has no hydroxyl group on th e  phenyl r in g , i s  as p o ten t an in h ib i to r  as 
q u e rc e tin . 3-Hydroxyflavone has no hydroxy groups on th e  5- and 
7 -p o s it io n s , e i th e r ,  bu t th e se  do not seem to  be im portan t fo r  a c t iv i ty  
anyway, as f i s e t i n  la ck s  th e  5-hydroxy group to o , and y e t i s  as s tro n g  
an in h ib i to r  as q u e rc e tin . The p a tte rn  of the  hydroxyl groups on th e  
phenyl r in g  seems to  be im portan t, however, a s  morin, which i s  an 
isomer of q u e rc e tin , but has hydroxy groups a t  th e  2*- and 4* 
p o s it io n s , in s te a d  o f 3* and 4*, has an I^ q co n cen tra tio n  of 
30yi/mol l " \  a s  opposed to  9yVmol 1*"^  fo r  q u e rc e tin .
The above o b serv a tio n s  do not lead  to  a lo g ic a l o rd erin g  of th e  
in h ib i to r s  by in sp e c tio n  of t h e i r  s tru c tu re s  a lone . I t  was thought 
th a t  the  e le c t r o s ta t i c  p ro p e r tie s  of th ese  compounds might lead  to  an 
index of in h ib ito ry  power which could be app lied  to  p ro sp ec tiv e  
in h ib i to r  m olecules. To t h i s  end, th e  m olecular e le c t r o s ta t i c  
p o te n tia ls  of th ese  m olecules were s tu d ied  in  th e  plane of the  chromone 
r in g  and on th e i r  van der Waals su rfa c e s . The geom etries of th e  
flavone and flavanone d e r iv a tiv e s  were based on th e  3-hydroxychromone 
s t ru c tu re .  The phenyl r in g  was co n stru c ted  from standard  bond le n g th s  
and an g les . Many d iscu ss io n s  of th e  flavones seem to  imply th a t  th ese  
compounds a re  com pletely p la n a r , but i t  i s  immediately apparent to  
anyone who has b u i l t  a CPK model th a t  th e  s u b s ti tu e n ts  on th e  2*- or 
6 * -p o s itio n s  a re  o b s tru c ted  by th e  3 -s u b s t i tu e n t, p reven ting  a p lan ar 
s tru c tu re , o r f r e e  r o ta t io n .  I t  was d iscovered from c a lc u la tio n s  using 
th e  PCILO method [177] on 3-hydroxyflavone th a t  th e  phenyl r i n g 's  
p re fe rre d  p o s itio n , upon ro ta t io n  around the  phenyl-carbon bond, i s  a t  
an angle of 50° to  th e  plane of the  chromone r in g . This 50^ d ih ed ra l 
angle a lso  allow s th e  hydrogen atom a t  e i th e r  2» o r 6 ' (depending which 
way th e  phenyl r in g  i s  t i l t e d )  to  in te r a c t  w ith  a lone p a ir  of the  
3-hydroxy oxygen.
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I t  was f e l t  th a t  i t  would be worth fin d in g  out i f  th e  MEP on the
van der Waals su rface  of r in g s  A and C of 3-hydroxyflavone were
a ffe c te d  by th e  ro ta t io n  of th e  phenyl r in g . T herefore th ree  
o r ie n ta t io n s  of th e  r in g  were used in  th e  MEP c a lc u la t io n s . These 
conform ations involved p lac in g  th e  r in g  a t  r ig h t  ang les to  th e  chromone 
p o rtio n  of th e  m olecule, a t  50° to  i t  and in  th e  same plane as i t .  As 
can be seen from Photographs 5 to  7, the  chromone r in g  i s  unaffec ted  a t
th e  van der Waals d is ta n c e  fo r  a 90° to  50° d ih ed ra l ang le , but th e
p lan ar m olecule does have a d i f f e r e n t  e le c t r o s ta t i c  p o te n tia l  on th e  
3-hydroxy oxygen ; t h i s  i s  not too  s u rp r is in g , a s  th e  2 '-hydrogen i s  
touching t h i s  oxygen, being only 1.47 A away from i t .  As th e  chromone 
p a rt of th e  m olecule d id not seem to  be p a r t ic u la r ly  a ffe c te d  by 
reasonable  o r ie n ta t io n s  of th e  phenyl r in g , i t  was decided to  c a lc u la te  
th e  MEP of the  o th e r flavone and flavanone compounds using  ju s t  th e  50° 
d ih ed ra l o r ie n ta t io n . As th i s  g ives an asymmetric m olecule i t  was 
thought necessary  to  c a lc u la te  th e  MEP fo r  a l l  th e  p o ssib le  isom ers of 
th e  m olecules which f u l f i l l e d  th e  fo llow ing c r i t e r i a :  th e  hydroxy 
groups on th e  phenyl r in g  B had to  p lan ar to  th i s  r in g  and they a l l  had 
to  "p o in t"  th e  same way around th e  r in g ; th a t  i s ,  th e  hydrogen of one 
p o in ts  towards the  oxygen of th e  nex t one. This g ives two c a lc u la tio n s  
fo r  m y rice tin  (Photographs 8 and 9 ) , fou r fo r  q u e rc e tin  (Photographs 10 
to  13), fou r fo r  f i s e t i n  (Photographs 14 to  17), fo u r fo r  morin 
(Photographs 18 to  2 1 ), two fo r  kaempferol (Photographs 22 and 23) and 
two fo r  ap igen in  (Photographs 24, one isomer not shown). Only s in g le  
isom ers of th e  flavanone m olecules were used in  th e  c a lc u la tio n s , as i t  
was f e l t  th a t  th e  lack  of a c t iv i ty  was more to  do w ith  the  gross s t e r i c  
co n fig u ra tio n s  of th ese  m olecules, ra th e r  than more su b tle  
e le c t r o s ta t i c  e f f e c t s .  Naringenin i s  shown in  Photograph 25 and 
ta x i f o l in  in  Photograph 26.
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The most in h ib ito ry  flavone i s  m yrice tin , w ith  an I^ q 
co n cen tra tio n  o f 5ywmol 1 \  This i s
3 ,5 ,7 ,3 * , 4 ' ,5 '-hexahydroxyflavone, having a t r ip ly - s u b s t i tu te d  phenyl 
r in g , l ik e  p y ro g a llo l. The MEP of th e  two isom ers obtained  by ro ta t in g  
e i th e r  th e  hydroxy groups or th e  phenyl r in g  by 180° ( i t  amounts to  th e
same th in g ) a re  m ostly s im ila r  except on th e  su rface  of th e  phenyl
r in g  (as might be expec ted ). The ro ta t io n  of th e  hydroxy groups does 
in flu en ce  th e  p o te n tia l  on atoms as f a r  away as the  8 -p o s itio n  o f the  
chromone r in g , but i t  i s  only a s l ig h t  e f f e c t ,  which i s  w ith in  th e  
range of e r ro r  a sso c ia te d  w ith  an e le c t r o s ta t i c  p o te n tia l  c a lc u la tio n  
using  a minimal b a s is  s e t .  The main e f f e c t  i s  n o tic e ab le  on the  phenyl 
r in g  in  th e  neighbourhood of th e  3-hydroxy group; depending on the  
o r ie n ta tio n  of the  hydroxy groups, th e re  i s  a n eg ative  reg ion  running 
from th e  3-hydroxy oxygen to  th e  base of th e  3 ' -hydroxy group, o r the  
5 '-hydroxy group, depending on which one i s  p o in tin g  away frcm the
3-hydroxy group. The a c tu a l p o te n tia l  on th e  2*- or th e  6 '-ca rb o n , 
whichever i s  n e a re s t to  th e  3-hydroxy group, i s  very n eg a tiv e , from th e
in flu en ce  of th e  oxygen lone  p a ir s .
The next most in h ib ito ry  flavones a re  3-hydroxyflavone, i t s e l f ,
and q u e rc e tin  -  3 ,5 ,7 ,3 * , 4 '-pentahydroxyflavone -  which both have an
IgQ co n cen tra tio n  of 9 ywunol l ” ^. F is e t in  -
3 ,7 ,3 * ,4 '- te tra h y d ro x y fla v o n e  -  w ith  an I^ q co n cen tra tio n  of 
-110 jm ol 1 , i s  of comparable s tre n g th , to o . As mentioned above, the
apparen tly  anomalously high value of 3-hydroxyflavone i s  th e  
in te r e s t in g  fe a tu re  of th i s  group of compounds. I f  we ignore th i s  
m olecule, a ra t io n a le  of th e  in h ib i to r  s tre n g th  on th e  b a s is  so le ly  of 
the  hydroxyla tion  of th e  phenyl r in g  and the  degree of s a tu ra tio n  of 
th e  2,3-bond would be p o ss ib le . However, t h i s  breaks down when app lied  
to  3-hydroxyflavone, a s  i t  has no phenolic groups. The reg ion  of
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negative  p o te n tia l  noted in  th e  m y rice tin  c a lc u la tio n s  i s  a lso  p re sen t 
on th e  3-hydroxyflavone su rface  a t  t h i s  p o in t. I t  i s  more ex ten siv e  
than  th e  m y rice tin  neg a tiv e  reg io n , but i t  i s  not as d ir e c t io n a l ,  
forming an almost sym m etrical negative  reg ion  on th e  phenyl r in g  
su rface .
The n eg ative  reg ion  of th e  o th e r two sp ec ies  i s  comparable fo r  
corresponding p a irs  of r o tamers ( i . e .  Photographs 10 and 14, 11 and 
15, 12 and 16, and 13 and 17). These do not have as ex ten siv e  a 
negative  reg ion  as th e  3-hydroxyflavone, but have d ire c te d  paths of 
negative  p o te n tia l  le ad in g  to  th e  base of the  n e a re s t hydroxy group 
p o in tin g  away frcm th e  3 -p o s itio n , as was the  case w ith  th e  m yrice tin  
m olecules. These n eg ative  reg io n s a re  not as narrcw as th e  m y rice tin  
reg io n s , though.
The morin -  3 ,5 ,7 ,2 ',4 '-p e n ta h y d ro x y fla v o n e  -  m olecules d i f f e r
frcxn the  o th e rs  in  th a t  they have a 2 '-hydroxy group. M orin 's 1^^
co n cen tra tio n  i s  s l ig h t ly  le s s  than  i t s  isom er, q u e rc e tin , being 
- 130 jm ol 1 . The presence of th e  2 '-hydroxy group on th e  neighbouring
chromone r in g  i s  much more profound than fo r  the  o th e r  m olecules; th e  |1
EP of th e  pyrone p a r t  of th e  system changes q u ite  d ram a tica lly , j
depending on w hether the  hydroxy group p o in ts  towards or away from i t .  |
As th i s  reg ion  does not appear to  vary much fo r  th e  o th e r m olecules i t  |Ii s  not d iag n o stic  of in h ib i to r s ' e f f ic a c y , so we s h a ll  co n cen tra te  on
th e  phenyl r in g  in s te a d . This again  has a negative  reg ion  which i s  |
most negative  near th e  3-hydroxy group. This a rea  extends d i r e c t ly  jjacro ss  th e  rin g  to  the  4 '- p o s i t io n ,  not to  the  s id e  as in  th e  case of 4im y rice tin . The same i s  tru e  of kaempferol -  |
Î3 ,5 ,7 ,4 '- te tra h y d ro x y fla v o n e  -  th i s  has an I^ q co n cen tra tio n  of j
- I  Î55 yimiol 1 . There i s  a sm all, s tro n g ly  negative  reg ion  near the  il
3 -hydroxy group and a l e s s  n eg ative  reg ion  extending to  the  base of the  j
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4 '-hydroxy group,
Apigenin -  5 ,7 ,4 '- tr ih y d ro x y fla v o n e  -  la ck s  th e  3-hydroxy group 
p resen t in  th e  o th e r  m olecules. This has a very d i f f e r e n t  
e le c t r o s ta t i c  p o te n tia l  on th e  van der Waals su rface  of th e  phenyl 
r in g , being m ostly s l ig h t ly  p o s it iv e . I t  s t i l l  possesses the
4-carbonyl group and th e  u n sa tu ra ted  bond between th e  2 - and
3 -p o s itio n s .
A ra t io n a le  fo r  th e  in h ib i t io n  of the  enzyme by th ese  compounds 
can now be put forw ard. Assuming th a t  the  f i r s t  event in  th e  
enzym e-catalysed re a c tio n  i s  th e  binding of th e  g lu ta th io n e  p a r t  of the  
s u b s tra te  to  a binding s i t e  in  the  enzyme, i t  would s t i l l  be necessary  
to  have some s o r t  of in te r a c t io n  to  push th e  h em ith io ace ta l p a r t 
towards th e  c a ta ly t ic  mechanism, as g lu ta th io n e  i s  q u ite  a f le x ib le  
molecule [178]. This could be achieved by p lac in g  a p o s it iv e  charge 
(or p o s it iv e  reg ion) where th e  su lphur atom was to  be. The more 
negative  oxygen atoms ( i n i t i a l l y  a hydroxy and a carbonyl group) would 
be held  in  p o s itio n  by th e  z in c  atom v ia  a bound w ater m olecule as 
shown in  F igure  3 -1 . The p ro to n -a b s tra c tin g  base could then remove th e  
hydrogen and donate i t  to  th e  o th e r  carbon atom.
The 3-hydroxyflavone compounds possess th e  same CO-COH moiety as 
th e  s u b s tra te  and a lso  have a neg a tiv e  reg ion  on th e  phenyl r in g  where 
th e  sulphur atom would be in  the  s u b s tra te . Thus they could bind q u ite  
e f fe c t iv e ly  to  th e  oxygen and su lphur binding s i t e s .  However, i t  i s  
not p o ssib le  fo r  th e  a b s tra c tin g  base to  remove a proton as befo re , 
thus in c a p a c ita tin g  th e  enzyme u n t i l  th e  flavone d is s o c ia te s  form the  
a c tiv e  s i t e .
L
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Both of th e  m y rice tin  rotam ers have a strong  lo c a l negative  reg ion  
on the  phenyl r in g  su rfa ce , e sp e c ia lly  th e  conform ation shown in  
Photograph 9. Photograph 8 shows th a t  th e  o th e r conformer has th i s  
reg ion  p lus a narrow a rea  of n eg ative  p o te n tia l  ex tending  to  th e  base 
of th e  3 ' -hydroxy group. The r e s t  of th e  phenyl su rface  i s  s l ig h t ly  
p o s i t iv e . The next s tro n g e s t in h ib i to r s  a re  q u e rc e tin  and f i s e t i n ,  
which can be considered  to g e th e r , and 3-hydroxyflavone. Q uercetin  and 
f i s e t i n  show th e  same neg ativ e  reg io n , but i t  i s  not as  narrowly 
defined  on th e  su rface  as th e  m y rice tin  p o te n tia l ,  extending over most 
of the  phenyl su rfa ce . 3-Hydroxyflavone has even le s s  d ire c tio n a l 
shape to  th e  negative  reg io n , but i t  i s  more negative  over a la rg e r  
a re a , perhaps compensating fo r  t h i s .  Morin has th e  same s o r t  of 
p a t te rn  as q u e rc e tin  and f i s e t i n ,  but i t  i s  d is to r te d  by th e  proxim ity 
of th e  2 '-hydroxy group, which e i th e r  dim inishes th e  depth of the  
negative  reg ion , as on Photographs 18 and 21, or p u lls  i t  sideways, as 
on Photographs 19 and 20. As mentioned befo re , the  3- and 4 -p o s itio n s  
have d if f e r in g  p o te n t ia ls  on th e i r  su rface , the  conformer of Photograph 
21 resem bling th e  o th e r  flav o n es  th e  most. A ll th ese  f a c to r s  would 
tend  to  reduce th e  in te r a c t io n  w ith  a p o s itiv e  s i t e ,  o r a t  l e a s t  
t r a n s la t e  i t  sideways, so th a t  th e  3-hydroxy,4-carbonyl groups a re  not 
in  ex ac tly  th e  r ig h t  p lace fo r  a s tro n g  in te ra c t io n  w ith  th e  z in c  
atom. Kaempferol has a small neg a tiv e  region of le s s  than  -0.015 
e l e c t r o s ta t i c  u n its  and a la rg e r  alm ost ^m m etrica l reg ion  of negative  
p o te n t ia l ,  which again  does not cover ju s t  the  2 ' to  6 ' p o rtio n  of th e  
su rface  as i t  does fo r  m y rice tin . Apigenin could only in te r a c t  w ith  
th e  z inc  atom through th e  4-carbonyl group, as i t  has no 3-hydroxyl 
group and hence no negative  reg ion  on th e  phenyl su rface .
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The MEP on the  van d er Waals su rface  of two o th e r flav o n o id s  was 
a lso  c a lc u la te d . These were lu te o l in ,  5 ,7 ,3 * ,4 ',5 '-pentahydroxyflavone 
and ro b in e tin , 3 ,7 ,3 * ,4 ',5 * -p en tah y d ro x y flav o n e. These a re  shown in  
Photographs 27 and 28. L u teo lin  does no t have the  requ ired  negative  
reg ion  on th e  phenyl r in g  and so i s  p red ic ted  to  be of only moderate 
a c t iv i ty ,  as i t  has th e  4-carbonyl group and th e  2 ,3 -double  bond. 
R obinetin , on th e  o th e r hand has a s im ila r  p a tte rn  to  m yrice tin  and 
would be expected to  be q u ite  an a c tiv e  in h ib i to r .
7 .2  The Coumarin Compounds
Subsequent to  th e  d iscovery of the  a c t iv i ty  of the  flavone 
compounds, i t  was found th a t  a range of hydroxylated coumarin 
d e r iv a tiv e s  were a lso  a c tiv e  [107]. In  f a c t ,  one of them was found to  
be more in h ib ito ry  than m y rice tin  i t s e l f .  These coumarins a re  shown in  
F igure 7-2 .
The coumarin group of m olecules a re  r e la te d  to  chromones in  th a t  
they a re  benzopyrones, but they have an cC-pyrone r in g  in s te ad  of a 
^-pyrone r in g . Like th e  flav o n o id s , they are  found in  p la n ts  as 
secondary m e ta b o lite s , p a r t ic u la r ly  in  th e  ru taceae  and um bellife rae  
fa m ilie s  [179]. They have w ide-ranging b io lo g ic a l a c tio n s , no tab ly  th e  
a f la to x in s , 4-hydroxy coumarins and furanocouraarins. The a f la to x in s ,  
which a re  complex m olecules w ith  a fused r in g  s tru c tu re  and a c e n tra l 
coumarin sk e le to n , a re  carcinogen ic  and a re  p a r t ic u la r ly  a sso c ia te d  
w ith l i v e r  cancers. Some d e r iv a tiv e s  of 4-hydroxycoumarins a re  
a n ti-c o a g u la n ts , w h ils t  o th e rs  a re  a n t ib io t ic s .  The furanocouraarins 
have a wide range of a c t i v i t i e s  based on th e  photobinding re a c tio n  in
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which th ese  compounds bind to  p ro te in  and n u c le ic  a c id s  upon 
i r r a d ia t io n  by u l t r a v io le t  l i g h t  [179].
Of more i n t e r e s t  in  th i s  work a re  rep o rted  in c id en ces  of tumour 
in h ib i t io n  and enzyme in h ib i t io n .  E scu le tin  -  6 ,7-dihydroxycoum arin -  
i s  known to  in h ib i t  r a t  p la t e l e t  lipoxygenase and cyclooxygenase 
a c t i v i t i e s  [180]. The in v e s t ig a to r s  a lso  found th a t  e sc u lin , which i s  
th e  6 -g lucoside  of e s c u le t in ,  and um belliferone -  7-hydroxycoumarin -  
a lso  in h ib ite d  lipoxygenase, bu t 4-hydroxycoumarin and coumarin i t s e l f  
d id  no t in h ib i t  i t .  I t  has a lso  been found th a t  e s c u le tin  in h ib i t s  
tumour development in  mouse sk in , i n i t i a t e d  by a p p lic a tio n  of 
benzo[a]pyrene [181]. Ohta e t  a l .  [182] found th a t  coumarin and 
um belliferone possessed antim utagenic  a c t iv i ty  ag a in s t u l t r a v io le t  
i r r a d ia t io n  of E. c o l l ,  s im ila r  to  th e  p rev iously  rep o rted  in h ib i t io n  
by cinnamaldéhyde [183].
Some n a tu ra lly  occu rring  coumarins have a lso  been found to  induce 
some drug-m etabolising  enzymes found in  the  l i v e r ,  which m etabo lise  
fo re ig n  compounds as p a r t  of th e  d e to x ic a tio n  mechanism [184].
The coumarin d e r iv a tiv e s  in v e s tig a te d  in  t h i s  work a re  
hydroxylated  v e rs io n s , some of which were syn thesised  fo r  th e  f i r s t  
time in  th e  course of th e  s tu d ie s  [107]. The a c t iv i ty  of th ese  
hydroxycoumarins in  in h ib i t in g  g lyoxalase  I  c a ta ly s is  was w ider in  
range than the  flavono id  s e r ie s ,  vary ing  frcm an I^ q co n cen tra tio n  of 
3.5 /m o l 1 , fo r  coumarin No. 8, th e  most a c tiv e  compound so f a r
d iscovered , to  1400 ywmol l"^  fo r  coumarin i t s e l f .  I t  i s  not as easy to  
order th ese  compounds based on s t r u c tu r a l  re la t io n s h ip  to  t h e i r  
a c t i v i t i e s ,  as i t  was fo r  th e  flav o n es, so i t  was thought th a t  th e  MEP 
c a lc u la tio n s  would provide more u se fu l in fo rm ation .
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The coumarin s t ru c tu re  was optim ised using th e  M urtaugh-Sargent 
o p tim isa tio n  procedure [133] in  GAUSSIAN 82 [130]. This proved to  be 
very d i f f i c u l t , a s  th e  s t ru c tu re  was q u ite  r ig id ,  producing la rg e  
changes in  th e  fo rce s  on th e  atoms fo r  small changes in  geometry. The 
o p tim isa tio n  was achieved by r e s t r i c t i n g  th e  s tep  s iz e  allowed to  the  
o p tim isa tio n  ro u tin e  to  a q u a r te r  of i t s  usual v a lu e . This 
(ev en tu a lly ) re s u lte d  in  th e  optim ised geometry l i s t e d  in  Table 7-4 and 
shown in  F igure 7 -4 .
The s tru c tu re  of th e  two r in g s ,a s  i s  the  case of th e
3-lvdroxychrcmone c a lc u la tio n , shows an arcm atic  benzene fused to  an 
oC-pyrone r in g  which i s  not d e lo c a lis e d : th e  geometry i s  s im ila r  to  
th a t  of th e  3-hydroxychromone m olecule, except th a t  the  bond le n g th s  
between th e  2 - and 3- and th e  3- and 4 -p o s itio n s  a re  swapped around, 
w ith  the  t r a n s fe r  of th e  carbonyl oxygen atom from the  4 -p o s itio n  to  
th e  2 -p o s itio n . This a lso  in c re a se s  th e  len g th  of the  01-C2 bond. The 
fused benzene r in g  shows the  same s l ig h t ly  shortened bonds between 
p o s itio n s  5 and 6 and 7 and 8, as fo r  th e  3-hydroxychromone.
The s tu d ie s  on the  d e r iv a tiv e s  of t h i s  molecule were c a r r ie d  out 
using th e  coumarin sk e le to n  and lim ite d  o p tim isa tio n  of the  s u b s ti tu e n t 
groups. The MEP on the  van der Waals su rface  of th ese  compounds were 
ca lc u la te d  and a re  shown in  Photographs 29 to  39.
The s tro n g e s t in h ib i to r  i s  coumarin No. 8 -  
7 ,8-dihydroxy-4-phenylcoum arin -  which has an I^ q co n cen tra tio n  of 3.5 
^m ol 1 ^. Most of th e  r e s t  of th e  compounds te s te d  have hydroxy or 
methoxy groups in  th e  6- and 7 -p o s itio n s , except fo r  is o e s c u le t in  -  
3 ,4-dihydroxycoumarin -  and e sc u lin , which i s  th e  g lycoside  of 
e s c u le t in  (6 ,7-dihydroxycoum arin).
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The next s tro n g e s t in h ib i to r s  a f t e r  coumarin No, 8 a re  coumarins 
No. 7 and No. 10, w hidi a re  6 ,7-dihydroxy-4~(4-fluorophenyl)coum arin  
and 6 ,7 -d ihydroxy-4-phenylcoumarin re sp e c tiv e ly . These both have 
co n cen tra tio n s  of 20 yumol 1~^. I f  th e  4-phenyl group of coumarin No. 
10 i s  rep laced  by a benzyl group, then  th e  molecule r e s u l t in g ,  coumarin 
No. 4, i s  s l ig h t ly  l e s s  a c t iv e , having an I^q co n cen tra tio n  of 24 
/ ^ o l  1 \  Coumarin No. 5 -  3-benzy1 -6 ,7-dihydroxy-4-m ethylcoum arin -  
has an co n cen tra tio n  of 30 /4no l 1  ^ and d i f f e r s  from No. 4 in
th a t  th e  benzyl group has been moved to  th e  3 -p o s it io n  and the
4 -p o s itio n  has a methyl group. When th e  3-benzyl group i s  removed the  
molecule i s  4 -m eth y leso u le tin  (6,7-dihydroxy-4-m ethylcoum arin) which i s  
le s s  a c tiv e  again , w ith an co n cen tra tio n  of 50 /umol 1 .^ Compound 
No. 9 i s  s im ila r  to  t h i s  a p a r t from th e  f a c t  th a t  th e  methyl group has 
become a propyl group, w ith  a corresponding lo s s  of in h ib ito ry  power, 
down to  80 yvmol 1 ^ .
I s o e sc u le tin , which co n ta in s  the  n e a re s t s tru c tu re  found in  th ese  
compounds to  an ened io l s t ru c tu re  has an I^ q co n cen tra tio n  of only 145 
^m ol l" ^ .  I t s  i s  known as 3 ,4-dihydroxy coumarin.
Methoxy d e r iv a tiv e s  of coumarin No. 10, coumarins No. 1 and No. 2, 
d isp lay  a g re a t lo s s  of a c t i v i ty ,  w ith I^ q co n cen tra tio n s  of 150 and 
200 yu^ol l ”  ^ and e s c u le tin  -  6 ,7-dihydroxycoumarin -  which does not
possess the  4-phenyl group i s  not very a c tiv e , e i th e r ,  w ith an I
«  1co n cen tra tio n  of 200 yv^mol l "  to o .
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The l e a s t  a c tiv e  compound in  th e  s e r ie s  i s  coumarin No. 3 -  
6 ,7-dihydroxy-3,4-dim ethylcoum arin . This has an I^ q co n cen tra tio n  of 
j u s t  320 ^m ol 1 ~ \  and y e t i t  only d i f f e r s  from 4 -m eth y leso u le tin  by 
one methyl group.
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The van der Waal8 su rface  MEP of these  compounds (Photographs 29 
to  39) a re  more com plicated than  those  of th e  flavono id  s e r ie s .  The 
general form of th i s  su rface  i s  to  have a very neg a tiv e  reg ion  on th e  
r in g  oxygen and carbonyl oxygen and a negative  reg ion  on th e  hydroxyl 
oxygen of the  hydroxyl which has i t s  hydrogen p o in tin g  towards the  
o th e r  hydroxyl os^gen. The neg a tiv e  reg ion  on the  second hydroxyl 
group i s  reduced by th e  in flu en ce  of the  p o s itiv e  hydroxyl hydrogen to  
which i t  i s  hydrogen bonded. The r e s t  of the  coumarin fused rings*  
su rface  i s  s l ig h t ly  p o s i t iv e , a p a r t from sm all, th in  reg ions of 
negative  p o te n tia l  ex tending  from the  oxygen atoms towards the  middle 
of th e  m olecule. The s u b s ti tu e n t phenyl r in g s  have c e n tra l  p o rtio n s  of 
n eg ative  p o te n tia l  s im ila r  to  th e  3-hydroxyf1avone phenyl r in g , but 
they a re  not as la rg e  as fo r  the  flavone .
Coumarin No. 8, th e  most a c tiv e  sp ec ie s , has a s l ig h t ly  d i f f e r e n t  
p a tte rn  of negative  p o te n tia l  on i t s  su rface  from the  le s s  a c tiv e  
m olecules; th e  negative  reg ion  extends from the  base of th e  7-hydroxyl 
oxygen in s te ad  of th e  6-hydroxyl oxygen as in  the  o th e r m olecules, and 
th e  p o s itio n in g  of th e  neg a tiv e  and p o s itiv e  reg io n s  a sso c ia te d  w ith  
th e  hydroxyl groups has s h if te d  round to  th e  7 - and 8 -p o s itio n s , from 
th e  6- and 7 -p o s it io n s .
The next two most a c tiv e  sp ec ie s  a re  coumarins No. 7 and No. 10. 
Photograph 29 shows th e  van der Waals e le c t r o s ta t i c  p o te n tia l  su rface  
of coumarin No. 10. th e re  i s  a small d iffe ren c e  in  th e  e le c t r o s ta t i c  
p o te n tia l  of t h i s  fr<mi th a t  of No. 7, in  th a t  th e  MEP fo r  m olecule 
No. 7 does not have a negative  reg ion  on the  t i p  of i t s  phenyl r in g , 
but has a s u b s ta n tia l  negative  p o te n tia l  su rface  on th e  f lu o r in e  atom 
su b s titu e n t of th i s  r in g . The p a tte rn  of th e  r e s t  o f the  su rface  i s  
e s s e n t ia l ly  the  same.
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Coumarin No. 4, which i s  s l ig h t ly  l e s s  a c tiv e  than  th e  two sp ec ie s  
above, has a s im ila r  p a tte rn  of p o te n tia l  on i t s  coumarin sk e le to n  
su rface , but th e  CHg group of th e  benzyl s u b s ti tu e n t fo rce s  th e  phenyl 
group to  occupy a d i f f e r e n t  o r ie n ta t io n , lean in g  away from th e  
pe rp en d icu la r. Thus, t h i s  sp ec ie s  may not f i t  in  th e  a c tiv e  s i t e  of 
th e  enzyme as w ell as m olecules 7 and 10. Coumarin No. 4 i s  shown in  
Photograph 30.
The next four photographs (Photographs 31 to  34) show d if f e r e n t  
conformers of coumarin No. 5, which has the  benzyl r in g  a t  p o s itio n  
3. I t  was decided to  in v e s t ig a te  d if f e r e n t  o r ie n ta t io n s  of th e  benzyl 
group, as i t  seemed p o ss ib le , from model b u ild in g  s tu d ie s , th a t  the  
phenyl p a r t  of th e  r in g  could occupy a reg ion  of space which was q u ite  
c lo se  to  th a t  occupied by th e  phenyl groups of m olecules 7 and 10. The 
MEP on the  coumarin sk e le to n  near th e  hydroxy groups and th e  carbonyl 
group does not change much u n less  the  benzyl group i s  p o sitio n ed  
ad jacen t to  th e  methyl group, as in  Photograph 33. This i s  the  
o r ie n ta t io n  mentioned above, but i t  tu rn s  out to  be th e  l e a s t  s ta b le  of 
th e  conformers e n e rg e tic a l ly . However, th e  e le c t r o s ta t i c  p o te n tia l  on 
the  phenyl r in g  i s  in fluenced  by th e  proxim ity of the  carbonyl group, 
s im ila r  to  th e  3-hydroxyflavone case. There i s  s t i l l  a reg ion  of 
negative  p o te n tia l  running from th e  base of th e  6-hydroxy group in to  
th e  c en tre  of th e  r in g  system, but i t  i s  not as prominent as fo r  th e  
more powerful in h ib i to r s .
4 -M ethy lescu letin  (Photograph 35) has a s im ila r  e le c t r o s ta t i c  
p o te n tia l  to  coumarins No. 7 and No. 10, but la ck s  th e  hydrophobic 
phenyl group a t  p o s itio n  4, which i s  rep laced  by th e  sm aller methyl 
group. There i s  very l i t t l e  d iffe ren c e  between coumarin No. 10 and 
th i s  ccanpound a p a r t from a small reg ion  of negative  p o te n tia l  on the
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3-carbon.
Coumarin No. 9 i s  l e s s  a c tiv e  than ap igen in , but d i f f e r s  from th e  
more a c tiv e  coumarins only in  having a propyl group a t  p o s itio n  4, 
which i s  s l ig h t ly  p o s it iv e  on i t s  van der Waals su rfa ce , and a le s s  
neg ativ e  reg ion  a t  p o s itio n  6. I t  seems from an exam ination of th e  van 
der Waals su rface  near carbon 6, th a t  th i s  reg ion  may be of use in  
in d ic a tin g  th e  s tre n g th  of th e  in h ib i t io n  of the  coumarins: the  la rg e r  
the  negative  p o rtio n  of th i s  su rface  i s ,  the  more in h ib ito ry  the  
m olecule i s .  Is o e sc u le tin  (Photograph 36) has an u n su b s titu ted  fused 
benzene r in g , un lik e  th e  o th e r coumarins, and th e  p a tte rn  on th i s  r in g  
i s  very d i f f e r e n t  from th e  o th e rs , forming a curved negative  reg ion  on 
th e  in s id e  of th e  carbon atoms. There i s  no negative  reg ion  extending 
from the base of th e  hydroxy oxygens on th e  o(-pyrone r in g  p a r t ,  
e i th e r .
The o th e r excep tion  to  th e  general s e r ie s  of s tren g th  of the  
in h ib i to r s ,  a p a rt from is o e s c u le t in ,  i s  coumarin No. 3 (Photograph
38), which i s  not very in h ib ito ry  a t a l l .  This has a s im ila r  p a t te rn  
of p o te n tia l  to  coumarin No. 10 on the  benzo r in g , but the  negative  
p o te n tia l  near th e  carbonyl group i s  extended over the  su rface  of th e
3-methyl group. This ex tension  of th e  negative  reg ion  i s  not p resen t 
on the  su rface  of any of the  o th e r m olecules.
The o th e r  poor in h ib i to r  i s  th e  u n su b s titu ted  coumarin (Photograph
39) which i s  not in h ib ito ry  to  any re a l  e x ten t. This a lso  has an a rea  
of p o te n tia l  which i s  not p re sen t on any of the  o th e r m olecules: th e
4 -p o s itio n , which has a s u b s ti tu e n t in  th e  o th e r m olecules, has a 
reg ion  of p o te n tia l  which i s  g re a te r  than  0.030 a .u . on the  t ip s  of 
the  4- and 5-hydrogens.
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The above r e s u l t s ,  tend  to  show th a t ,  although th e  MEP on th e  van 
der Waals su rface  of th e se  m olecules does not appear to  be u se fu l as an 
index of in h ib ito ry  power, a s  i t  proved to  be fo r  th e  flavono id  
compounds, th e re  do seem to  be fe a tu re s  of i t  which h in t  a t  such a 
re la t io n s h ip . T herefore i t  was decided to  in v e s t ig a te  th e  
e le c t r o s ta t i c  p o te n tia l  of th e se  compounds f u r th e r .  The MEP of th e  
coumarins was c a lc u la te d  a t  double the  van der Waals ra d iu s  of the  
atcans. At t h i s  d is tan ce  th e  MEP i s  probably a more accu ra te  
re p re se n ta tio n  of th e  in te r a c t io n  between a p o s it iv e  p o in t charge and 
th e  m olecule, as th e  p e rtu rb a tio n  of th e  s tru c tu re  w il l  not be as 
g re a t .  The photographs of th ese  c a lc u la tio n s  a re  numbers 40 to  48. I t  
tu rn s  out th a t  th e  r e s u l ta n t  p ic tu re s  a re  indeed e a s ie r  to  o rder in  
term s of a c t iv i ty  than  th e  p rev ious van der Waals ra d iu s  p ic tu re s .
Coumarin No. 8 (Photograph 40) has a negative  reg ion  around th e  1- 
and 2 -p o s itio n s , where th e  O-CO p a r t  of th e  molecule i s ,  and a p o s it iv e  
reg ion  encompassing th e  r e s t  of th e  m olecule. This i s  most p o s it iv e  to  
th e  l e f t  of th e  p ic tu re , where th e  6 -p o s itio n  i s .  The next most a c tiv e  
sp ec ie s , coumarins No. 7 and No. 10, a re  almost id e n tic a l  to  each 
o th e r on th i s  su rfa ce , a p a r t from a t  th e  top  of th e  phenyl r in g , where 
th e  No. 7 sp ec ie s  has a small a rea  of negative  p o te n tia l  (Photograph 
41 ). The la rg e  negative  reg ion  extends f u r th e r  over th e  top of th e  
molecule in  th e  p ic tu re s , to  th e  v ic in i ty  of th e  8 -p o s itio n , and th e  
p o s it iv e  reg ion  moves fu r th e r  round towards th e  5 -p o s it io n . Coumarin 
No. 4 (Photograph 42) has an even la rg e r  negative  reg ion , extending 
fu r th e r  over th e  top of th e  p ic tu re , and th e  p o s it iv e  reg ion  has moved 
a l i t t l e  fu r th e r  towards th e  benzyl r in g . This tren d  con tinues down 
th e  s e r ie s :  coumarin No. 9 has a la rg e r  negative  a rea  extending over 
h a lf  the  coumarin su rface  (Photograph 44) and coumarins No. 1 and No.
2 (Photographs 45 and 46) have th e  same reg ion , but w ith  two a reas
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contained  in  i t  o f le s s  than  -0 .015  a .u . Coumarin No. 2 a lso  has a 
d is t in c t ly  more p o s it iv e  reg ion  than  No. 1. The l e a s t  in h ib ito ry  
m olecule, coumarin No. 3 has th e  la rg e s t  negative  reg io n , which spans 
fra n  th e  7 -p o s itio n  ac ro ss  to  th e  3 -p o s itio n . As noted fo r  th e  van der 
Waals su rface  c a lc u la tio n , th i s  negative  a rea  i s  not so obvious on any 
o th e r  m olecule.
The fo llow ing  fe a tu re s  can now be suggested as in d ic a to rs  of the  
in h ib ito ry  power of th e  hydroxylated coumarins, based on th e  MEP 
r e s u l t s :
The molecule must possess ad jacen t hydroxy groups on th e  benzo 
r in g  of th e  coumarin. A la rg e  hydrophobic group, such as a phenyl, a t  
th e  4 -p o s itio n  i s  a lso  im portan t. The consequence of th i s  i s  to  l im i t  
the  ex ten t of th e  p o s it iv e  p o te n tia l  around p o s itio n  5. I f  th e  
molecule has concen tra ted  reg io n s  of neg a tiv e  and p o s it iv e  p o te n tia l  a t 
th e  2- and 5 -p o s it io n s , o r more p re fe ra b ly , a t  th e  2- and 6 -p o s itio n s , 
then i t  w il l  be a good in h ib i to r .  The more spread out e i th e r  of th ese  
reg io n s i s ,  th e  le s s  s p e c if ic  th e  in te ra c t io n  w ith th e  p o s it iv e ly  and 
n eg ativ e ly  charged p a r ts  of th e  a c tiv e  s i t e ,  and th e  le s s  s tro n g  the  
subsequent a s so c ia tio n .
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Table 7-1 In h ib i to r s  Of G lyoxalase I  And T heir Corresponding 
IgQ V alues, In  ^mol 1~^.
COMPOUND 1-50
Coumarin d e riv . 8 3.5
M ÿricetin 5Q uercetin 9
3-Hydroxyflavone 9(P u rp u ro g a llin 9)F is e t in 10
Coumarin d e riv . 7 20
Coumarin d e riv . 10 20Coumarin d e riv . 4 24
Coumarin d e riv . 5 30
Morin 30
4-M ethy lescu letin 30
E scu le tin 30
Kaempferol 55(Q u e rc itrin 70)
Apigenin 70
P yrogallo l 70(P yrogallo l Red 70)
Coumarin d e riv . 9 80
(Rutin 110)
Coumarin d e riv . 1 150
(M y ric itr in 185)Coumarin d e riv . 2 200
N aringenin 250
(E scu lin 270)
Coumarin d e riv . 3 320T ax ifo lin 330
Coumarin 1400
The compounds in  b rack e ts  have not been s tu d ied  by th i s  group.
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Table 7-2 The ST0-3G Optimised Geometry Of 3-Hydroxychromone,




02-07 1.49704-08 1.32507-08 1.504

















C8-012-H13 102.603-C4-H14 111.7C-O-H 119.3
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Table 7-3 The ST0-3G Optimised Values Of C erta in  Bond Lengths 
Of V arious 2 -S u b s titu te d  3-Hydroxychromones,
In Angstroms And Degrees.
2 -S u b stitu en t
None OH Me NH2 F
07-011 1.228 1.230 1.230 1.230 1.22908-012 1.396 1.405 1.398 1.397 1.399
012-H13 0.992 0.990 0.992 0.992 0.99202-07-011 126.1 125.0 125.2 125.3 125.5 ;08-07-011 120.4 120.4 120.1 120.1 119.8
C7-08-012 116.7 118.9 116.8 117.5 117.104—08—012 122.2 120.4 122.5 121.8 122.3
08-012-H13 102.6 102.6 102.3 102.4 102.2 i
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Table 7-4 The 8T0-3G Optimised Geometry Of Coumarin,











03-01-05 115.801-05-06 119.501-02-07 117.8
04-08-07 122.303-04-08 117.502-07-08 119.6
01—02—09 119.0
07-02-09 123.2
06-010-09 120.005-06-010 120.502-09-010 120.5
03-04-013 117.2
C8-04-013 125.30—0—H 120.0
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Figure 7-1 The Flavonoid Compounds.
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Figure 7-2 The Coumarin Compounds.
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The r e s u l t s  d iscussed  in  th e  p rev ious ch ap te rs  a re  summarised 
below. I t  should be noted th a t  none of the  work i s  d e f in i t iv e ,  in  th a t  
th e  b a s is  s e ts  used a re  f a r  from com plete, and no account has been 
taken of c o r re la tio n  e f f e c t s .  N evertheless, i t  i s  f e l t  th a t  the  
r e s u l t s  provide a stim ulus f o r  fu r th e r  work on th e  design of enzyme 
in h ib i to r s  and on th e  e lu c id a tio n  of th e  enzyme mechanism.
The model re a c tio n  scheme r e s u l t s  support th e  l a t e s t  work on the  
enzyme mechanism [8 9 ,9 0 ], in  p re d ic tin g  ened io l in te rm ed ia te s  in  th e  
enzyme re a c tio n . The ro u te  through th e  enedio l in te rm ed ia te  by 
a l te rn a te  depro tona tion  and p ro to n a tio n  re a c tio n s  i s  th e  most 
favourab le  e n e rg e tic a lly  in  a l l  th e  re a c tio n  schemes s tu d ie d . These 
included c a lc u la tio n s  in  th e  absence and presence of magnesium, w ith 
minimal and s p li t -v a le n c e  b a s is  s e ts .
The comparison of f u l ly  optim ised geometry c a lc u la tio n s  using th e  
3 -2 1G and 3 -2 1G* b a s is  s e ts  dem onstrates th a t  the  su lphur d -fu n c tio n s  
do a f fe c t  th e  s tru c tu re  of th e  m olecules n o ticeab ly , p a r t ic u la r ly  th a t  
of m olecule F. The comparison of th ese  optim ised s t ru c tu re s  w ith  those 
of m olecules in  which th e  th io l  group was rep laced  by a hydroxyl group 
or a hydrogen show th a t  th e  su lphur a t  cm s ta b i l i s e s  the  anions r e la t iv e  
to  th e  n e u tra l m olecules, reducing  th e  energy b a r r ie r s  in  th e  proposed 
re a c tio n .
The in tro d u c tio n  of a magnesium 2+ io n , to  re p re se n t th e  z in c  atom 
a t  a crude le v e l ,  r e s u l t s  in  the  " s ta b i l i s a t io n "  of th e  prev iously  
u nstab le  an io n ic  compounds, m olecules B, D and G. However, none of the  
wave fu n c tio n s  fo r  th ese  magnesium adducts had th e  c o rre c t number of 
bound m olecular o r b i t a l s ,  so some cau tion  must be ex erc ised  in  drawing
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conclusions from th ese  r e s u l t s .  The magnesium ion  in c lu s io n  reduces 
th e  energy b a r r ie r s  s u b s ta n t ia l ly :  down to  a le v e l where im idazole 
could c a ta ly se  th e  re a c tio n . This base i s  p a r t  of h is t id in e ,  which i s  
be lieved  to  be p a r t  of th e  a c tiv e  s i t e  [6 9 ]. This p a r t ic u la r  scheme 
bears a d ire c t  re la t io n s h ip  to  th e  model scheme of H all e t  a l .
[8 1 ,8 2 ].
A ju s t i f i c a t i o n  fo r  th e  use of such sm all sp ec ie s  as models fo r  
th e  la rg e  h em ith io ace ta l-d e riv ed  m olecules i s  provided by th e  fu r th e r  
work in  which th e  th io l  hydrogen was rep laced  by methyl and e th y l 
groups. The r e s u l ta n t  op tim ised  geom etries a re  remarkably s im ila r  to  
th e  p a ren t molecules* geom etries, as a re  th e  r e s u l t s  from population  
a n a ly s is  s tu d ie s  of th e  corresponding wave fu n c tio n s .
The FORTRAN grap h ics  program which was developed in  th i s  work has 
been in  use by Dr Colin Thomson’s re sea rch  group fo r  over a year now.
I t  i s  being used in  o th e r p ro je c ts  studying  enzyme in h ib i t io n  and 
tumour promotion. The speed and f l e x i b i l i t y  of the  in te r a c t iv e  
fe a tu re s  of th e  program a re  good, and th e  r e s u l t in g  re p re se n ta tio n s  a re  
e a s ie r  to  in te r p r e t  than  th e  more t r a d i t io n a l  chicken-w ire mesh. The 
m o d ifica tio n s  suggested a t  th e  end of Chapter 5 would tu rn  th e  program 
in to  a more f le x ib le  v e rs io n , in  which the  u se r could change the  
contouring of th e  d isp lay  in te ra c t iv e ly  and a lso  d ire c t ly  compare 
m olecules of varying s iz e s ,  by sp ec ify in g  an ab so lu te  s c a le . These 
m od ifica tio n s  would re q u ire  l i t t l e  e x tra  work.
The work on the  in h ib i to r  m olecules i s  based heav ily  on the  
g raph ics program. I t  was d iscovered  th a t  c e r ta in  reg ions of the  
in h ib i to r  m olecu les’ MEP su rfa c e , e i th e r  a t  a van der Waals d is ta n c e , 
or a t  double th i s  d is ta n c e , c o rre la te d  w ell w ith  in h ib ito ry  s tre n g th .
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The f lavone compounds were co n structed  using an optim ised chromone 
geometry, a t  th e  RHF/ST0-3G le v e l .  I t  was found th a t  th e  s u b s t i tu e n t  
a t  th e  2 -p o s itio n  did not a f f e c t  th e  geometry of th e  3-hydroxy group 
much. This j u s t i f i e d  th e  use of s in g le -p o in t c a lc u la tio n s  of th e  
flavone m olecules, in s te a d  of p ro h ib itiv e ly  expensive o p tim isa tio n s , 
even of small p a r ts  of th e  s t ru c tu re ,  such as th e  hydroxy groups. I t  
was found th a t  th e  o r ie n ta t io n  of th e  hydroxyl groups a f f e c t s  th e  
p a tte rn  of th e  MEP on the  phenyl r in g  su rface , so d i f f e r e n t  
o r ie n ta t io n s  of th ese  hydroxyl groups were used in  the  c a lc u la tio n s .
The only d iffe re n c e s  of th e  MEP on the van der Waals su rface  of
th e  flav o n e8 which seemed to  c o r re la te  w ith the  in h ib i to r  s tre n g th  was
the  p a tte rn  of th e  p o te n tia l  on the  phenyl r in g . I t  was suggested th a t  
th i s  a rea  of th e  m olecule i s  in  co n tac t w ith a p a r t of the  enzyme 
re sp o n sib le  fo r  b inding  the  su lphur atom of th e  s u b s tr a te .
The hydroxylated coumarin compounds were co n stru c ted  from th e  
geometry of coumarin i t s e l f ,  which had been optim ised using  th e  ST0-3G 
b a s is  s e t .  No good c o r re la t io n  between th e  MEP on th e  coumarin 
d e r iv a t iv e s ’ su rfa ce s  and th e i r  in h ib ito ry  power was no ted . However, 
i t  was decided th a t  p lo ts  of double th e  van der Waals su rface  might be
of more u se. This proved to  be th e  case, as a c o r re la t io n  between the
p o s itio n in g  of a negative  reg ion  of p o te n tia l  near th e  1- and
2 -p o s itio n s  and a p o s it iv e  reg ion  near th e  5- and 6 -p o s itio n s  was 
found.
The next s tep  in  th i s  work could be to  co n so lid a te  the  c o r re la t iv e  
da ta  mentioned above by comparing th e  m olecules to  each o th e r on a 
standard  su rface , which would allow a d ire c t  comparison of the  
e l e c t r o s ta t i c  p o te n tia l  a t  c e r ta in  p o in ts  in  space. This i s  analogous
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to  d iffe ren c e  maps obtained  from p lan ar s l ic e s  through s im ila r  
m olecules. There a re  two se n s ib le  ways th a t  th i s  can be done: The 
su rface  of th e  la r g e s t  sp ec ie s  could be used, or th e  su rface  of th e  
most a c tiv e  sp ec ie s . The form er method allow s the  comparison of a l l  
the  m olecules w ithou t th e  danger of th e  su rface  passing  through any 
atom ic nucleus, g iv ing  huge p o s it iv e  p o te n tia l  v a lu e s , which can 
obviously not be compared w ith  p o te n tia l  values from the  su rface  of 
o th e r  m olecules. The l a t t e r  method has an a t t r a c t iv e  fe a tu re  i f  we 
assune th a t  th e  most a c tiv e  sp ec ie s  f i t s  in to  th e  enzyme or re c ep to r 
s i t e  b e t te r  than  th e  o th e r m olecules. An exam ination of th e  p o te n tia l  
on th e  van der Waals, o r double van der Waals su rface  which f i t s  b e s t 
in to  the  s i t e  may give in fo rm ation  not only on why th e  o th e r m olecules 
do not in te r a c t  as s tro n g ly , but a lso  on th e  n a tu re  of th e  s i t e  
i t s e l f .
The model re a c tio n  scheme s tu d ie s  can be extended by in v e s t ig a tin g  
the  use of o th e r  b a s is  s e t s ,  no tab ly  ones w ith d if fu se  fu n c tio n s . In 
my opin ion  i t  would be found th a t  th e  an io n ic  sp ec ie s  a re  s ta b i l i s e d  
fu r th e r  in  comparison w ith  th e  n e u tra l  sp e c ie s . The in te ra c t io n  of the  
bound w ater which i s  ap p aren tly  a ttach ed  to  th e  z in c  atom [67 ,68 ,69] 
w ith  th e  s u b s tra te  could be in v e s tig a te d  by carry in g  out superm olecule 
c a lc u la tio n s ;  f i r s t l y  using  w ater and pro tonated  w ater sp ec ie s , but 
maybe w ith small magnesium compounds to o . Some work has been done 
invo lv ing  the  in te ra c t io n  of w ater and w ith  members of th e  basic
re a c tio n  scheme, but t h i s  work i s  not com plete.
The renewed in t e r e s t  in  th e  g lyoxalase  I  enzyme stemmed not only 
from Szent-G yorgyi' s p roposals concerning i t s  rô le  in  tum origenesis 
[14 ,44 ,5 6 ,5 7 ], but a lso  from th e  controversy  surrounding i t s  supposed 
mechanism, which was o r ig in a lly  thought to  be analogous to  the  
Cannizzaro re a c tio n  [76-78]. Some of the  model re a c tio n s  in v e s tig a te d
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to  shed some l ig h t  on th i s  enzyme were indeed found to  proceed v ia  
r a te - l im i t in g  h y d r id e - tra n s fe r  re a c tio n s  [79-80]. I t  would be 
in te r e s t in g  to  compare model h y d r id e - tra n s fe r  re a c tio n  schemes w ith  th e  




































Molecule A, su lphur s id e .
Molecule A, hydrogen s id e .
Molecule E 
Molecule H
3-Hydroxyflavone, phenyl r in g  a t  r ig h t  ang les.
3-Hydroxyflavone, phenyl r in g  a t  50 degrees.
3-Hydroxyflavone, phenyl rin g  p a r a l le l ,  M yricetin , rotam er No 1.
M ÿricetin , ro tam er No 2.Q uercetin , ro tam er No 1.
Q uercetin , ro tam er No 2.Q uercetin , ro tam er No 3.
Q uercetin , rotam er No 4.
F is e t in ,  ro tam er No 1.
F is e t in ,  rotam er No 2.F is e t in ,  rotam er No 3.
F is e t in ,  ro tam er No 4.Morin, rotam er No 1.
Morin, ro tam er No 2.Morin, rotam er No 3.
Morin, rotam er No 4.Kaempferol, ro tam er No 1.
Kaempferol, ro tam er No 2.
Apigenin, rotam er No 1.
N aringenin.
T a x ifo lin .







rotam er No 1. 
rotam er No 2. 
ro tam er No 3. rotam er No 4.
4 -M ethy lescu le tin .




Coumarin No 8, double van der Waals su rface .
Counarin No 7, double van der Waals su rfa ce .
Coumarin No 4, double van der Waals su rface .
4 -M ethy lescu le tin , double van der Waals su rface , 
Coumarin No 9, double van der Waals su rface .
Coumarin No 1, double van der Waals su rfa ce .
Coumarin No 2, double van der Waals su rface .
E scu le tin , double van der Waals su rfa ce . 
Coumarin No 3, double van der Waals su rface .
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APPENDIX
GRAPHICS PROGRAM LISTING
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This program l i s t i n g  i s  th e  VAX v e rs io n  of th e  g raph ics  program. The 
Tektronix  DTI ro u tin e s  have been converted to  eq u iv a len t v e rs io n s  on 
th e  VAX using te rm inal escape sequences. These g raph ics  p r im itiv e  
ro u tin e s  a l l  s t a r t  w ith  th e  l e t t e r s  CE, as opposed to  th e  DTI v e rs io n s  
which have th e  i n i t i a l  l e t t e r s  LL. The graph ics ro u tin e s  a re  s to re d  in  
a l ib r a r y ,  which i s  lin k ed  w ith  the  program o b je c t module a t  compile 
tim e. They are  l i s t e d  a f t e r  th e  program, along w ith  th e  req u ired  
encoding and decoding ro u tin e s .
-  211 -
CE CE3D1.F0R : a program fo r  drawing a rough re p re se n ta tio n
CE of a 3-dim ensional o b jec t coded as coloured squares 
CE w ith  in d ic e s  frcan 0 to  15
CE I t  b u ild s  up th e  p ic tu re  from th e  low est to  th e  h ig h e s t 
CE z -co o rd in a te
CE I t  g ives an im pression  of depth by ang ling  th e  squares 
CE according to  th e  v e c to r  normal to  the  su rface  a t  th a t  p o in t 
CE I t  draws only those  squares fa c in g  towards th e  observer 
CE This v e rs io n  has an improved s o r t in g  ro u tin e ,CE
CE Colin Edge, September 1985CE (based on a program from Andy M icklethw aite, Tektronix)
CE
CE I n i t i a l i s eCOMMON /TRANSF0RM/SCL(4,4),RX(4,4),RY(4,4),RZ(4,4),





+ ISEG, IVIEW,0CTA3 ON,BACKING, ROTATION 





LOGICAL ORIGIN,OCTAGON,BACKING, NOVICE,FAST,ROTATION, TIMER 
INTEGER ICOL(4000),ICOLT(4000)
INTEGER IPX,IPY
INTEGER NCOUNT,NT,lONE,ISEG, IVIEW,II4 
CHARACTER«6 CDIAG, CROTX,CROTY,CROTZ 
CHARACTER*6 CXE,CYE,CXL,CYL,CZL,CD,CS 





CE Set 'S ’ and ”  as re p o r t  s ig n a tu re  ch a rac te rs  
CALL CERP3G(0 ,8 3 ,0 )
CALL CEDACL
WRITE(6,101)’ 3D Design Program’
101 FORMAT(A,//)
CALL WINDOW(0.,0.,100.,100.)




WRITE(6,102)’ Do you want guidance? (Y/N) ’
102 FORMAT(A)
READ(5,103)CANS
103 FORMAT(A)IF (CANS.EQ.»Y’ .OR.CANS.EQ.’y ’ . OR.CANS.BQ.’ ’ ) NOVICEz.TRUE. 
IF (CANS.EQ.’F’ .OR.CANS.EQ.’f ’ ) FASTz.TRUE.
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WRITE(6,lD* What i s  th e  name of th e  f i l e ?  *
11 FORMAT(A)
IF (NOVICE) THEN




12 P0RMAT(A15)WRITE(6,13)* What i s  the scale factor? *13 FORMAT(A)
IF (NOVICE) THEN
WRITE(6,602)* (S ize of polygon re p re se n tin g  su rface  a t  each point*602 FORMAT(A)
WRITE(6,603)* Try 1.0 f ir s t )*603 FORMAT(A)
ENDIF
READ(*,*)DIAQ
WRITE(6,14)* What o r ie n ta t io n  do you want to  use? *
14 FORMAT(A)
IF (NOVICE) THEN
WRITE(6,604)* (X,Y,Z, ro ta t io n s  in  degrees)*
604 FORMAT(A)
ENDIFREAD(»,»)ROTX,ROTY,ROTZ
WRITE(6,15)* What segment do you want to  use? *15 FORMAT (A)
IF (NOVICE) THEN




WRITE(6 ,1 6 ) ' What v a lu es  of D and S do you want?*16 FORMAT(A)




A reasonab le  value i s  u su a lly  between 100.
(D = d is ta n ce  from eye to  screen*
A la rg e  d is tan ce  g ives a near-o rthogonal p ro jec tion*
S = screen  quotien t*
S cales p ic tu re ,  sm aller value g ives la rg e r  p ic tu re*  










WRITE(6,17)* Where do you want to  look from?*17 FORMAT(A)
IF (NOVICE) THEN
WRITE(6,612)* (X,Y co o rd in a tes  of v iew point: Z i s  always 0.0*
612 FORMAT(A)
WRITE(6,613)* This i s  usually 5 0 .0 ,5 0 .0 ; 0.0-100.0 acceptable)’613 FORMAT(A)
ENDIF
READ(*,*)XE,YE
WRITE(6,18)* What i s  th e  l ig h t  vector?*
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18 FORMAT(A)
IF (NOVICE) THEN
WRITE(6,614)* (D irec tio n  v e c to r of l ig h t  rays:*
614 FORMAT(A)




WRITE(6,19)* Do you want squares o r octagons? (S/0)*19 PORMAT(A)
IF (NOVICE) THEN
WRITE(6,616)’ (Shape of polygon re p re se n tin g  su rface  a t  
+ each point*
616 FORMAT(A)
WRITE(6,617)* Type S o r 0)*617 FORMAT(A)
ENDIF
READ(5 ,2 0 )CANS20 FORMAT (A)
IF (CANS.EQ.*0*.OR.CANS.EQ.*o*) THEN OCTAGON = .TRUE.
ELSE
OCTAGON = .FALSE.ENDIF
WRITE(6,21)* Do you want to  draw backw ard-facing shapes?*
21 FORMAT(A)
IF (NOVICE) THEN
W RITE(6,6l8)* (This i s  u sefu l to  obscure atoms*
618 FORMAT(A)
W RITE(6,6l9)* BUT i t  tak es  tw ice as long*619 FORMAT(A)
WRITE(6,620)* Type Y o r N)*
620 FORMAT(A)
ENDIF
READ(5 ,2 2 )CANS
22 FORMAT(A)




WRITE(6,23)* P lease w a i t . . .*23 PORMAT(//,A,/)
CE Set up contour co lo u rs .
CALL SETCOL 
IF (FAST) GO TO 1 
CE S e lec t view 1 (fo r  p ic tu re ) .IVIEWsI



















CE Set up menu
CALL MENUB(IVIEW)
CALL MENUFILL 











CE Remember filenam e in  CFILE,
CFILEsINFILE
10 NCOUNTsNCOUNT+1
READ( 2 ,» )ICOL(NCOUNT) , COORD(1 ,NCOUNT),
+ COORD(2 ,NCOUNT), COORD(3 ,NCOUNT),
+ PERP(1 ,NCOUNT) , PERP(2 ,NCOUNT) , PERP(3 ,NCOUNT) 
























DO 4 K s i,NCOUNT 
ICOLT(K)sICOL(K)
ORIGINS.TRUE.





CE I f  we have drawn a " tim er" , change i t ,  o therw ise carry  on 






CALL CELNIN(I)CE Order co o rd in a tes
TRANS(3 ,NCOUNT+1) =499999.0 CE 0RDER3 needs a la rg e  number a t  th e  end of th e  a rray  to  be so rted  NTsNCOUNT lONEsI
CALL 0RDER3(TRANS,lONE,NT,PERPT,ICOLT)









IF (OCTAGON) THEN 
DO 5 K1si,NCOUNT
CE This ensures th a t  only th e  forward fac in g  octagons a re  drawn:IF (PERPT(3,K1).LT.O) THEN 
IF (.NOT.BACKING) GO TO 5 
CE Draw octagon w ith  co lour index 14CALL OCTS(TRANS(1,K1),TRANS(2,K1),TRANS(3,K1),PERPT(1,K1),
+ PERPT(2,K1),PERPT(3,K1),XE,YE,0.,0.,-1.,I14,D,S,DIAG)
ELSE





DO 6 K2s1,NCOUNT 
CE This ensures th a t  only th e  fo rw ard-fac ing  squares a re  drawn,
IF (PERPT(3,K2).LT.O) THEN 
CE u n less  th e  backw ard-facing ones a re  supposed to  be drawn.
IF (.NOT.BACKING) GO TO 6 
CE Draw square w ith  co lour index 14.
CALL SQUARES(TRANS(1 ,K2) , TRANS(2 ,K2) , TRANS(3 ,K2) , PERPT(1 ,K2),+ PERPT(2,K2),PERPT(3,K2),XE,YE,0.,0.,-1.,I14,D,S,DIAG)
ELSE
CE Draw square w ith  co lour index IC0LT(K2).
CALL SQUARES(TRANS(1 ,K2) , TRANS(2 ,K2) , TRANS(3 ,K2) , PERPT(1 ,K2),
+ PERPT(2,K2),PERPT(3,K2),XE,YE,XL,YL,ZL,IC0LT(K2),D,S,DIAG)





IF (FAST) GO TO 99 
CE Ask w hether v ic tim  has had enough.
WRITE(6,71)* Do you want to  change any p aram eters?’
71 FORMAT(//,A,/)READ(5,710)CANS 
710 FORMAT(A)
IF (CANS.EQ.'N'.OR.CANS.EQ.'n') GOTO 99 CALL CURSOR







CE Check to  see i f  filenam e has been changed.
IF (CFILE.NE.INFILE) GO TO 1 
CE Check to  see i f  ro ta t io n  m atrix  i s  to  be changed.IF (ROTATION) GO TO 3 
CE O therwise, j u s t  re-draw  p ic tu re .








DATA XLEFT,XRIGHT,YBOTTOM,YTOP/0.,3 0 0 0 .,0 . ,3 0 0 0 ,/DATA XSCALE,YSCALE/1 . , 1 . /
DATA XDIFF,YDIFF/3000.,3 0 0 0 ./END




CE a v e rs io n  ofCE QUICKS0RT2
CE
CE from Horowitz & Sahni
CE "Fundamentals o f Computer A lgorithm s"
CE Computer Science P ress
CE
CE This subrou tine  s o r ts  th e  elem ents A(P), . . . , A(Q) which 
CE a re  p a r t  of th e  a rra y  A(4000) in to  ascending o rd e r.
CE N.B. A(P+1) MUST be d efin ed , and must be >= a l l  
CE elem ents in  A(P:Q).
CE
CE I t  i s  m odified to  swap th e  corresponding v a lu es  fo r
CE th e  X -  and y -c o o rd in a te s , th e  co lour in d ic e s  and
CE th e  perp en d icu la r v e c to r , based on ascending z -c o o rd in a te s .CE
INTEGER TOP,J,P,Q
INTEGER STACK(30),ICOLT(4000)
REAL A(3,4 0 0 0 ),PERPT(3,4000)J=0 
TOPsO 
100 CONTINUE
200 IF (P.GE.Q) GO TO 300 
J=Q+1CALL PARTITION(A,P,J,PERPT,ICOLT)








GO TO 200 
300 IF (TOP.EQ.O) RETURN Q=STACK(TOP)
P=STACK(T0P-1)
TOPsTOP-2 








CE procedure from Horowitz & Sahni (see  QS0RT2)
CE "Within A(m),A(m+1),. . . ,A (n-1) the  elem ents a re  
CE rearranged  in  such a way th a t  i f  i n i t i a l l y
CE t=A(m), then  a f t e r  com pletion A (q)=t, fo r  some q
CE between m and n -1 , A (k).L E ,t fo r  m.LE.k.LT.q and
CE A(k).G E.t fo r  q.LT .k.LT .n 
CE The f in a l  value of n i s  q ."CE
INTEGER M ,N,I,I1 
INTEGER ICOLT(4000)









IF (A (3,I).LT .V ) GO TO 200 
300 N=N-1
IF (A(3,N).GT.V) GO TO 300 IF (I.LT.N) THEN
CALL INTERCHANGE(A,I,N,PERPT,ICOLT)
ELSE
GO TO 400 
ENDIF 



















REAL A(3,4 0 0 0 ),PERPTO,4000)
REAL A1TEMP,A2TEMP,A3TEMP,PITEMP,P2TEMP,P3TEMP 





























+ U N IT(4,4),T(4,4),W (4,4)DIMENSION V (4 ,1 ),S (4 ,1 )
LOGICAL ORIGIN 
CALL AZER0(V,4,1)
IF (ORIGIN) THEN 


















COMMON/TRANSFORM/SCL( 4 ,4 ) ,RX( 4 ,4 ) ,RY( 4 ,4 ) ,RZ(4 ,4 ) , 
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SUBROUTINE AZERO(M,IR,IC)
REAL M(IR,IC)
DO 20 1=1,IR DO 10 J=1,IC  
M(I,J)=0.
10 CONTINUE 20 CONTINUE 
RETURN END
SUBROUTINE ACOPY(S,D,IR,IC)DIMENSION S(IR,IC),D(IR,IC)
DO 20 1=1,IR 
DO 10 J=1,IC 
D (I,J )= S (I,J )10 CONTINUE 
20 CONTINUE RETURN 
END
SUBROUTINE MXMPY(X,Y,Z,II,JJ,KK)DIMENSION X(II,JJ),Y(JJ,KK),Z(II,KK)
DO 30 1=1,11DO 20 K=1,KK
Z(I,K)=0.0
DO 10 J=1,JJZ(I,K)=Z(I,K)+X(I,J)»Y(J,K)10 CONTINUE 




CE X,Y,Z COORDINATES OF POINT 
CE XP,YP,ZP UNIT VECTOR PERPENDICULAR TO SURFACE 
CE AT 'TOAT POINT CE XE,YE COORDINATES OF VIEWPOINT 
CE ARE (XE,YE,0)
CE D IS DISTANCE FROM VIEWPOINT TO SCREEN 
CE S IS SCREEN SIZE 
CE XL,YL,ZL LIGHT VECTOR 
CECE THIS ROUTINE DRAWS A COLOURED SQUARE AT (X,Y,Z)
CE ANGLED ACCORDING TO VECTOR (XP,YP,ZP)












IF (YP.EQ.O.AND.ZP.EQ.O) RETURN 
CE ZP should be rev e rsed , to  m irro r  re v e rsa l of Z ZP=-1. #ZP 
SHADES.FALSE.
D8IZE=50.*DIAQ CE DOTPL=(XP*XL)+(YP*YL)+(ZP*ZL)
CE I  would have p re fe rre d  to  use th e  above l in e ,  




DS = D/S IF (SHADE) THEN 




XINC = -DSIZE/XSCALE YINC = -DSIZE/Y8CALE 










CALL CEBPNL(IX,IY,IBORD)XINC = DSIZE/XSCALE







CALL CEDRAW(IX,IY)XINC = -DSIZE/XSCALE




CE Change ZP back.
ZP=-1.*ZP
RETURNEND
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SUBROUTINE OCTS(X,Y,Z,XP,YP,ZP,XE,YE,XL,YL,ZL,INDEX,D,S,DIAG) 
CE X,Y,Z COORDINATES OF POINT CE XP,YP,ZP UNIT VECTOR PERPENDICULAR TO SURFACE 
CE AT THAT POINT 
CE XE,YE COORDINATES OF VIEWPOINT 
CE ARE (XE,YE,0)
CE D IS DISTANCE FROM VIEWPOINT TO SCREEN 
CE S IS SCREEN SIZE 
CE XL,YL,ZL LIGHT VECTOR CE
CE THIS ROUTINE DRAWS A COLOURED OCTAGON AT (X,Y,Z)CE ANGLED ACCORDING TO VECTOR (XP,YP,ZP)CE
COMMON /WINDAT/ XLEFT,XRIGHT,YBOTTOM,YTOP,XSCALE,YSCALE,+ XDIFF,YDIFF 
COMMON /PERPDAT/ V,XPYPDV,XPZPDV,YPDV,ZPDV,XINC,YINC 
REAL X,Y 
REAL XP,YP,ZP REAL XL,YL,ZL 
REAL XE,YE
REAL D,8,D0TPL,PID8,RAD,DIAG REAL SPID8X,CPID8X 
REAL SPID8Y,CPID8Y INTBGER*2 INDEX 
INTBGER*2 IX,IY,IVXL,IVYB 
REAL V,XPYPDV,ZPDV,XPZPDV,YPDV 
REAL XINC,YINC REAL X2,Y2,Z2 
LOGICAL SHADE
IF (YP.EQ.O.AND.ZP.EQ.O) RETURN 
CE ZP should be rev e rsed , to  m irro r Z re v e rsa l 
ZP=-1.*ZP SHADES.FALSE.
PID8=3.14159/8.
RADs50.»DIAGSPID8X=RAD*SIN(PID8) /XSCALE SPID8YsRAD»SIN(PID8)/YSCALE 
CPID8X=RAD*C0S(PID8)/XSCALE CPID8YsRAD*C0S(PID8)/YSCALE 
CE DOTPLs(XP«XL)+(YP»YL)+(ZP*ZL)
CE I  would have p re fe rre d  to  use th e  above l in e ,





DS s D/S 
IF (SHADE) THEN 
CALL CESFIL(-15)GO TO 10 ENDIF
CALL CESFIL(INDEX)10 CONTINUE
XINC s -SPID8X 
YINC s -CPID8Y 
V s SQRT(YP*YP + ZP*ZP)XPYPDVs(XP*YP)/V
XPZPDV=(XP*ZP)/V




IX = INT(X2) 
lY = INTCY2)IBORDsO
CALL CEMOVE(IX,IY)CALL CEBPNL(IX,IY,IBORD)
XINC = SPID8X YINC = -CPID8Y
CALL PERP(X.Y,Z,X2,Y2,Z2,XE,YE,D,D8) IX = INT(X2) 
lY = INT(Y2)CALL CEDRAW(IX,lY)XINC = CPID8X YINC = -8PID8Y
CALL PERP(X,Y,Z,X2,Y2,Z2,XE,YE,D,DS) IX = INT(X2) 
lY = INT(Y2)
CALL CEDRAW(IX,lY)XINC = CPID8X 
YINC = SPID8Y
CALL PERP(X,Y,Z,X2,Y2,Z2,XE,YE,D,DS) IX = INT(X2) 
lY s INT(Y2)
CALL CEDRAW(IX,lY)
XINC = SPID8X 
YINC = CPID8Y
CALL PERP(X,Y,Z,X2,Y2,Z2,XE,YE,D,DS) 
IX = INT(X2) 
lY = INT(Y2)
CALL CEDRAW(IX,lY)
XINC s -SPID8X YINC = CPID8Y
CALL PERP(X,Y,Z,X2,Y2,Z2,XE,YE,D,DS) 
IX s INT(X2) 
lY = INT(Y2)CALL CEDRAW(IX,lY)XINC = -CPID8X 
YINC = SPID8Y
CALL PERP(X,Y,Z, X2,Y2,Z2, XE,YE,D,DS) 
IX = INT(X2) 
lY = INT(Y2)CALL CEDRAW(IX,lY)
XINC = -CPID8X YINC = -SPID8Y




CE Change ZP back again .
ZP=-1.*ZPRETURN
END
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SUBROUTINE PERP(X,Y,Z,X2,Y2,Z2,XE,YE,D,DS)
CE Inpu t;
CE X,Y;Z -  c e n tre  of coloured a rea
CE D -  d is ta n ce  to  observer
CE S -  screen  s c a le  q u o tie n t
CE XINC,YINC -  increm ents from X,Y to  new p o in t
CE p o s it io n  of observer i s  (XE,YE,0)
CE
CE Output;CE X2,Y2,Z2 -  p o in ts  a f t e r  p e rsp ec tiv e  tran sfo rm a tio n .
CE
COMMON /WINDAT/ XLEFT,XRIGHT,YBOTTOM,YTOP,XSCALE,YSCALE, 
+ XDIFF,YDIFF







IVYBsOZ2 = -XPZPDV#XINC -  YPDV*YINC + Z 
CE Reverse Z -coord inate  d ire c t io n  
Z2 = -1.*Z2 Z2 = Z2 + D 
X2 = V*XINC + X -  XE 
X2 = DS*X2/Z2 X2 = X2 + XE
X2 = (X2-XLEFT)»XSCALE + IVXL 
Y2 = -XPYPDV*XINC + ZPDV*YINC + Y -  YE 
Y2 = DS*Y2/Z2 
Y2 = Y2 + YE
Y2 = (Y2-YB0TT0M)»YSCALE + IVYB
RETURN
END
SUBROUTINE REAL2CH(REIN, CHARV AL)
CE This ro u tin e  co n v erts  r e a l  numbers to  oharaoter*6 
REAL REIN









SUBROUTINE INT2 CH(NOIN, CHARV AL)
CE This ro u tin e  converts  in te g e rs  in to  c h a ra c te r*5 
INTEGER NOIN 








aO S E (l)
RETURN
END
SUBROUTINE MENUB(IVIEW)CE This su b rou tine  draws the  border fo r  th e  menu,
CE as  w ell as a l l  th e  headings.
CE S e lec t view IVIEW fo r  th e  p ic tu re .CALL CESLVW(IVIEW)
CE Viewport fo r  p ic tu re .CALL CEVWPT(0,500,3200,2900)
CE Windcw fo r  p ic tu re .
CALL CEWINDCO,0,4095,3071)CE Segment p ivo t p o in t.
CALL CEPVSG(3200,0)
CE S e le c t view 64 fo r  th e  menu a re a .
CALL CESLVW(64)
CE Viewport fo r  menu.
CALL CEVWPT(3200,0,4095,2900)
CE Window to  address t h i s  v iew port.
CALL CEWIND(3200,0,4095,2900)
CE Open a segment to  s to re  th e  menu in .
CALL CEDLSG(500)
CALL CEBNSG(500)
CE Set g raph tex t s iz e  and co lo u r.
CE These v a lues a re  d e fa u lt te x t  s iz e  and co lour yellow . CALL CEGSIZ(39,59,12)
CALL CETXIN(7)
CE W rite header.CALL CEMOVE(3500,2800)
CALL CETEXT(4,'MENU')
CE Set g raph tex t s iz e  and co lour fo r  v a r ia b le s ’ headings. 
CALL CS3SIZ(30,45,10)
CALL CETXIN(2)
CE W rite out head ings.
CALL CEMOVE(3250,2700)
CALL CETEXT( 8 , ’Filenam e’ )
CALL CEMOVE(3250,2500)CALL CETEXT(1 1 ,’O rie n ta tio n  *)
CALL CEMOVE(3250,2300)
CALL CETEXT(13,’View D istance ’ )CALL CEMOVE(3250,2100)
CALL CETEXT(1 5 ,’Screen Q u o tien t’ )CALL CEMOVE(3250,1900)
CALL CETEXT( 5 , ’L ig h t’ )
CALL CEMOVE(3250,1700)
CALL CETEXT( 9 , ’V iew point’ )CALL CEMOVE(3250,1500)
CALL CETEXT(1 3 ,’Polygon Shape’ )
CALL CEMOVE(3250,1300)
CALL CETEXT(1 2 ,’Polygon S iz e ’ )
CALL CEMOVE(3250,1100)
CALL CETEXT( 7 , ’B acking’ )
CALL CEM0VE(3250,900)
CALL CETEXTÔ 4 , ’Segment Number’ )
CALL CEMOVE(3250,700)
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CALL CETEXT( 1 1 , 'View number’ )
CALL CETXIN(7)CALL CHGSIZ(39,59,12)
CALL CEMOVE(3500,430)
CALL CETEXT( 4 , 'EXIT')
CALL CEMOVE(3500,230)
CALL CETEXT( 4 , 'HELP')













CE This ro u tin e  f i l l s  in  th e  menu values 
CE IVIEW i s  th e  cu rre n t view
COMMON /MENU/INFILE,CORIENT,CD,CS,CLIO HT,CVIEW,CDIAG,
+ CISBG,CIVIEW 




CHARACTER*15 INFILE CHARACTER*6 CD,CS,CDIAG 
CHARACTER*10 CSHAPE 
CHARACTER*5 CISBG,CIVIEW CHARACTER*6 CBACK 
LOGICAL OCT AG ON,BACKING,ROTATION 
CE S e le c t view 64
CALL CESLVW(64)
CE Get r id  of o ld v a lu es  
CALL CEDLSG(502)
CALL CEBNSGC502)
CE Adjust te x t  s iz e
CALL CBGSIZ(35,45,10)
CALL CEMOVE(3250,2600)
CINFILEz* '//IN FILE 
CALL CETEXT(1 8 ,CINFILE)
CALL CEMOVE(3250,2400)CALL CETEXT(1 8 ,CORIENT)




CALL CETEXT(1 8 ,CLIGHT)
CALL CEMOVE(3250,1600)CALL CETEXT(1 2 ,CVIEW)
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CALL CEMOVE(3250,1400)
IF (OCTAGON) THEN CSHAPEs* Octagon'
ELSE
CSHAPEa* Square 'ENDIF




IF (BACKING) THEN CBACKa » Yes'
ELSE
CBACKs ' No 'ENDIF
CALL CETEXT( 6 ,CBACK)
CALL CEMOVE(3250,800)
CALL CETEXT(5,CISHG)CALL CEM0VE(3250,600)






CE This program s e ts  up th e  co lours fo r  the  3d program. 
DIMENSION ICLRY(36)
DATA ia R Y /1 ,120,50,100, 2 ,145,50 ,100 , 3 ,160 ,50 ,100 ,’ 
+ 4 ,180 ,50 ,100 , 5 ,200 ,50 ,100 , 6 ,280,50 ,100,





COMMON /VALUES/ROTX, ROTY,ROTZ, D,S,XL, YL, ZL, XE, YE, DIAG, 







CHARACTER*5 CISHG,CIVIEWCHARACTER*1 SIG CHR,KEYCHR,CANS,S}G CHRD,KEYCHRD 
LOGICAL HELP,OCTJ»ON,BACKING,ROTATION 
HELP = .FALSE.
CE This saves tim e by e s ta b lis h in g  whether th e re  i s  
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IF (HELP) THEN 
CALL CETXIN(9)ELSE
CALL CETXIN(7)ENDIF
CALL CETEXT( 4 , 'HELP»)
CALL CETXIN(7)
CALL CBGSIZ(30,45,10)





IF (KEYCHR.EQ.'E') GO TO 999 
CE Filename
IF (IY.EQ.2600) GO TO 28 CE O rien ta tio n
IF (IY.EQ.2400) GO TO 26 
CE View D istance
IF (IY.EQ.2200) GO TO 24 
CE Screen Q uotient
IF (IY.EQ.2000) GO TO 22 
CE L ight
IF (IY.EQ.1800) GO TO 20 
CE Viewpoint
IF (IY.EQ.1600) GO TO 18 
CE Polygon Shape
IF (IY.EQ.1400) GO TO 16 
CE Polygon S izeIF (IY.EQ.1200) GO TO 14 
CE Backing
IF (IY.EQ.1000) GO TO 12 
CE Segment Number
IF (IY.EQ.800) GO TO 10 
CE View NumberIF (IY.EQ.600) GO TO 8 
CE EXIT
IF (IY.EQ.400) GO TO 6 
CE O therwise, Help needed
CE I f  HELP i s  a lready  tru e  ( i . e .  HELP picked tw ice in  a row) 
CE Give more e x p l ic i t  in s tru c t io n s .
CE CALL CEDSGN(O)
IF (HELP) THEN
WRITE(6,601) '  Move cu rso r by p ressin g  jo y d isk '
601 FORMAT(/,A)





WRITE(6,603)' Pick item  w ith  c u rso r '
603 FORMAT(/,A,/)ENDIF
GO TO 100 
CE 28 FILENAME
28 IF (HELP) THEN
WRITE(6,604)' F ile  w ith  3D d a ta  in  i t '
604 FORMAT(/,A)
ENDIF
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WRITE(6,605)' Type in  new filenam e*
605 FORMAT(/,A)
READ(5,505)INFILE
505 F0RMAT(A15)GO TO 100 
CE 26 X, Y, Z ROTATIONS 
26 IF (HELP) THEN
WRITE(6,606)* X;Y,Z r o ta t io n s  in  degrees*606 FDRMAT(/,A)
ENDIF
ROTATION = .TRUE.
WRITE(6,607)* lÿpe in  new o r ie n ta t io n :  ROTX,ROTY,ROTZ*
607 FORMAT(/,A)




GO TO 100 
CE 24 D
24 IF (HELP) THEN
WRITE(6,608)* D istance from eye to  screen*
608 FORMAT(/,A)
WRITE(6,609)* A la rg e  d is ta n ce  g ives a near-orthogonal p ro jec tion*
609 FORMAT(A)
WRITE(6,610)* A reasonab le  value i s  u su a lly  around 100.0*610 FORMAT(A)
ENDIF
WRITE(6,611)* Type in  new view distance*611 FORMAT(/,A)
READ(*,*)D
CALL REAL2CH(D,CD)
GO TO 100 
CE 22 S 
22 IF (HELP) THEN
WRITE(6,612)* S cales p ic tu re , sm aller value g ives la rg e r  p ic tu r e ’612 FORMAT(/,A)
WRITE(6,613)* A reasonab le  value i s  u su a lly  around 0 .5 ’613 FORMAT(A)
ENDIF
WRITE(6,614)* Type in  new screen  q u o t ie n t’614 FORMAT(/,A)
READ(*,*)S
CALL REAL2CH(S,CS)
GO TO 100 
CE 20 LIGHT 
20 IF (HELP) THEN
WRITE(6,615)’ D irec tio n  v e c to r of l ig h t  ra y s ’615 FORMAT(/,A)
WRITE(6,616)’ I t  i s  a le ft-h an d ed  coord ina te  system ’
616 FORMAT(A)
ENDIF






CLIGHT=CXL//CYL//CZL GO TO 100
J
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CE 18 VIEWPOINT 
18 IF (HELP) THEN
WRITE(6,618)* X,Y co o rd in a tes  of v iew point: Z i s  always 0.0*
618 FORMAT(/,A)
WRITE(6,619)* This i s  u su a lly  50.0 ,50.0*
619 FORMAT(A)
ENDIF





GO TO 100 
CE 16 POLYGON SHAPE 
16 IF (HELP) THEN
WRITE(6,621)* Shape of polygon rep re se n tin g  su rface  a t  each point*621 FORMAT(/,A)
WRITE(6,622)* This to g g le s  between squares and octagons'622 FORMAT (A)
ENDIF
WRITE(6,623)* Change of polygon shape*623 FORMAT(/,A,/)
IF (OCTAGON) THEN OCTAGON = .FALSE.
ELSE
OCTAGON = .TRUE.ENDIF 
GO TO 100 
CE 14 POLYGON SIZE 
14 IF (HELP) THEN
WRITE(6,624)* S ize  of polygon rep re sen tin g  su rface  a t  each point*
624 FORMAT(/,A)
WRITE(6,625)* Try 1.0 f i r s t*
625 FORMAT(A)
ENDIF




GO TO 100 
CE 12 BACKING 
12 IF (HELP) THEN
WRITE(6,627)* Backward-facing polygons can be displayed*627 PORMAT(/,A)
WRITE(6,628)* This i s  u sefu l to  obscure atoms*
628 FORMAT(A)
WRITE(6,629)* BUT i t  tak es  tw ice as long*
629 FORMAT(A)
ENDIF
WRITE(6,630)* Toggle fo r  re a r - fa c in g  polygons*
630 FORMAT(/,A,/)
IF (BACKING) THEN 
BACKING = .FALSE.
ELSE
BACKING = .TRUE.ENDIF 
GO TO 100 
CE 10 SEGMENT NUMBER 
10 IF (HELP) THEN
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WRITE(6,631)’ C urrent segment number*
631 FORMAT(/,A)ENDIF
WRITE(6,632)* Type in  new segment number*
632 FORMAT(/,A)
READ(» ,» )ISBG 
CALL CEDLSG(ISBG)
CALL INT2CH(ISBG,CISH3)GO TO 100 
CE 8 VIEW NUMBER 
8 IF (HELP) THEN
WRITE(6,633)* C urrent view number: 1-63 allowed*633 FORMAT(/,A)
WRITE(6,634)* Try to  s to re  segments in  d i f f e r e n t  v iew s'634 FORMAT(A)
WRITE(6,635)* I t  i s  q u ick er to  change th e  p ic tu re  th i s  way'635 FORMAT(A)
ENDIF
WRITE(6,636)* Type in  new view number (NOT 64)*636 FORMAT(/,A)
READ(»,*)IVIEW
CALL INT2CH(IVIEW,CIVIEW)
GO TO 100 CE 6 EXIT 
6 IF (HELP) THEN











G raphics P rim itiv e  Subroutines
The fo llow ing  su b ro u tin es  and fu n c tio n s  a re  th e  VAX-equivalent 
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SUBROUTINE CEBNSG(ISBG)
CE Equivalent to  LLBNSG CE BEGIN-NEW-SEGMENT 
CE ISBG segment number 
CHARACTER*! ESC 
CHARACTER*4 CODEIN,INTVAL INTEGER ISBG 
ESCsCHAR(27)INTVALsCODEIN(ISEG)
WRITE(6,60)ESC//*SE*//INTVAL 60 PORMAT(*+*,A$)END
SUBROUTINE CEBORD(IVIS)CE Equivalent to  LLBORD 
CE SET-BORDER-VISIBILITY 
CE IVIS border v i s i b i l i t y  









CE E quivalent to  LLBPNL 
CE BEGIN-PANEL-BOUNDARY
CE IX,lY co o rd in a tes  of f i r s t  p o in t on panel boundary 
CE IBOUND 1 draw panel boundary, 0 do not 
CHARACTER*! ESC,RET 
CHARACTER*5 XYSTR,CODEXY 




WRITE(6 ,6 0 )ESC//* LP *//XYSTR//INTSTR 60 PORMAT(*+*,A$)
END
SUBROUTINE CECLMP(I8URF,ILEN,ICLRY)
CE Equivalent to  LLCLMP 
CE SET-SURFACE-COLOUR-MAP CE ISURF su rface  number 
CE ILEN len g th  of co lour map array  ICLRY 
CE ICLRY a rra y  o f co lou r map da ta  
INTEGER ISURF,ILEN,J1,J2,J3 INTEGER ICLRY(ILEN)
CHARACTER*! ESC,RETCHARACTER*4 CODEIN,INTSTR
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J=2
10 IF(IN T ST R (J:J).E Q .R E T ) GOTO 20 
JsJ+ 1  
GOTO 10 








90 IF  (C0D E1(J1:J1).EQ .R ET) GOTO 91 
J1zJ1+1
GOTO 90
91 IF  (C0D E2(J2:J2).EQ .RET) GOTO 92 
J2zJ2+1
GOTO 91
92 IF (C0DE3(J3:J3).EQ.RET) GOTO 93 
J3=J3+1
GOTO 92
93 C 0 D E z * 4 * //C 0 D E 1 (1 :J1 -1 )//C 0 D E 2 (1 ;J2 -1 )//
+ C0D E3(1iJ3-1)//C 0D E4
WRITE(6 ,6 0 )ESC//*TG'//INTSTR(1 :J-1)//C0DE 60 FORMAT('+',A$)
100 CONTINUE RETURN 
END
SUBROUTINE CECLSG 
CE Equivalent to  LLCLSG 
CE CLOSE-SEGMENT 







CE Equivalent to  LLCRGN 
CE SET-GIN-CURSOR 
CE IDVFNC device fu n c tio n  code 
CE ISBG segment number
CHARACTER*! ESC,RET 
CHARACTER*4 CODEIN,INTVAL!, INTVAL2 




CE Remove RET from end of s t r in g  
Jz 2




W RITE(6,60)ESC//*IC*//IN TV A L1(1:J-1)//IN TV A L2
60 FORMAT(*+',A$)
END
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SUBROUTINE CEDACL 






SUBROUTINE CEDALN(ILINES)CE E quivalent to  LLDALN 
CE SET-DIALOGUE-AREA-LINES 








CE E quivalent to  LLDLSG 
CE DELETE-SBGMENT 









Œ E quivalent to  LLDLVW 
CE DELETE-VIEW 










CE E quivalent to  LLDRAW 
CE DRAW
CE IX,lY co o rd in a tes  to  draw to  CHARACTER*! ESC,RET 
CHARACTER*5 XYSTR,CODEXY INTEGER IX,lY 
ESCzCHAR(27)
RETzCHAR(!3)





CE Equivalent to  LLDSGN 
CE DISABLE-GIN
CE IDVFNC device fu n c tio n  code CHARACTER*1 ESC 






CE E quivalent to  LLENQN CE ENABLE-GIN
CE IDVFNC device fu n c tio n  code 












60 FORMAT(' + ',A $)
END
SUBROUTINE CEEPNL 




RET=CHAR(!3)WRITE(6 ,6 0 )ESC//» LE’/ /RET 
60 FORMAT(* + ',A $)
END
SUBROUTINE CBG BGN(IDVFNC, IG RIDX,IG RIDY)
CE Equivalent to  LLGRGN 
CE SET-GIN-G RIDDING 
CE IDVFNC device fu n c tio n  code 
CE BGRIDX X g rid  spacing 









CIG RID Y= CODE IN ( IG RIDY )
CE Remove RET f ra n  end of s t r in g  
J1=2 
J2=2
1 IF (CIDVFNC(J1;J1).EQ.RET) GOTO 2
J1aJ1+1GO TO 1










CE E quivalent to  LLGSIZ 
CE SET-GRAPHTEXT-SIZE 
CE IWIDTH w idth of c h a rac te r  c e l l  
CE IHGHT h e ig h t of c h a ra c te r  c e l l  








CE Remove RET from end of s t r in g  
J ! z 2  
J2z2
! IF (INTVAL!(J!:J!).EQ.RET) GOTO 2J !z J!+ !
GOTO !




* INTV AL3=CODEIN(ISPACE) 
W RITE(6,60)E8C//'M C'//IN TV AL!(!:J!-!)//
+ INTVAL2(!:J2-!)//INTVAL3 60 FORMAT(*+*,A$)
END
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SUBROUTINE CBGTGN(SIGCHR,KEYCHR,JX,JY,JSBGNO,JPIKID)
CE This su b ro u tin e  decodes (x ,y ) re p o r ts  from th e  te rm in a l.
CE For more d e ta i l ,  see page 5-4 of Programmers* Reference 
CE Manual fo r  T4107/4109 T erm inals.
CE 810CHR ASCII code of s ig n a tu re  c h a rac te r  
CE KEYCHR key c h a ra c te r
CE JX,JY x ,y -c o o rd in a te s  of device p o s itio n  
CE JSHjNO segment number of picked segment 
CE JPIKID pick  id  of segment picked 
CE The SYS$QIOW p a r t  of th e  ro u tin e  was w r it te n  by 
CE J u lia n  Crewe, U n iv ers ity  of S t Andrews Computing L aboratory . INTEGER STATUS,JSBGNO,JPIKID 
INTEGER JX,JY 
INTBGER*2 INPUT_CHAN,CODE CHARACTER»! KEYCHR,SIGCHR 
INTEGER TIMLIMIT,
2 input_boff_ s iz e ,
2 INPUT_SIZE
PARAMETER (INPUTJ3UFF_SIZE = 132)
CHARACTER»!32 INPUT IBUFFER TO RECEIVE INPUT
INCLUDE *($IODEF)» IDEFINE SYMBOLS FOR I/O  OPERATIONS





END STRUCTURE ISTATUS BLOCK FOR QIOW
RECORD /IOSTAT_BLOCK/ lOSB 
INTEGER** SYS$ASSIGN,2 SYS$QIOW
INPUT:* '
STATUS = SYS$A8SIGN(*8Y8$INPUT*, lOR USE TERMINAL NAME *TT.2 INPUT_CHAN,,)
IF (.NOT. STATUS) CALL LIB$SIGNAL(îtVAL (STATUS))
CODE = (IO$_READVBLK) IRETURN ON TIMEOUT IF  THERE
IIS  NO TERMINATOR
CE TIMLIMIT s 2 ITIMEOUT LIMIT IN SECONDS: CAN BE ZERO







2 , , )IF (.NOT. STATUS)
2 STATUS = lOSB.IOSTAT
IF (.NOT. STATUS)
2 CALL LIB$SIGNAL (%VAL (lOSB.IOSTAT))
!DISPLAY WHAT HAS BEEN RECEIVED FROM THE TERMINAL 





CE This s e ts  th e  term ina l to  TEK mode,
CE enab les d ia lo g  a re a  and makes i t  v is ib le .  
CHARACTER»! ESC,RET 
ESC=CHAR(27)





CE Equivalent to  LLLNIN 
CE SET-LINE-INDEX 





WRITE(6 ,6 0 )ESC//* ML »/ / INTSTR 
60 FORMAT('+',A$)END
SUBROUTINE CEMOVE(IX,lY)
CE Equivalent to  LLMOVE 
CE MOVE









CE Equivalent to  LLOPSG 
CE BEG IN-SEGMENT 
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WRITE(6,60)ESC//FF//RET
60 FQRMAT(*+*,A$)END
SUBROUTINE CEPVSG (IX ,IY )
Œ E quivalent to  LLPV3G 
CE SET-8BGMENT-PIV0T-P0INT 






WRITE( 6 ,6 0 ) E S C //•SP * / /XYSTR//RET 
60 FORMAT(*+*,A$)
END
SUBROUTINE CERPSG(ITYPE,ISIG, ITRMSG )
CE E quivalent to  LLRPSG 
CE SET-REPORT-SIGNATURE-CHARS 
CE ITYPE re p o r t type code o r GIN device code 
CE ISIG s ig n a tu re  c h a ra c te r  ASCII code 
CE ITRMSG te rm in a tio n  s ig n a tu re  ch a rac te r  ASCII code CHARACTER*! ESC,RET





















WRITE(6 ,6 0 )ESC//* IS *//INTSTR!( ! :N1)//INTSTR2 
ELSE
WRITE(6 ,6 0 )ESC//’IS »//INTSTR!( ! :N !) //INTSTR2(1 ;N2)//INTSTR3 ENDIF 
60 FORMAT('+',A$)
END
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SUBROUTINE CESFIL(IPAT)
CE E quivalent to  LLSFIL CE SELECT-FTLL-PATTERN 




ESC=CHAR(27)RET=CHAR(!3)INTSTRs CODEIN(IPAT)WRITE(6,6 0 )ESC//* MP »/ / INTSTR 
60 FORMAT(*+*,A$)END
SUBROUTINE CESLVW(IVIEW)
CE Equivalent to  LLSLVW 
CE SELECT-VIEWCE IVIEW number of view se le c te d  
CHARACTER»! ESC 
CHARACTER»* INTSTR,CODEIN INTEGER IVIEW 
ESC=CHAR(27)INTSTRzCODEIN(IVIEW)




CE E quivalent to  LLTEXT 
CE GRAPHIC-TEXT 
CE ILEN device fu n c tio n  code 




CHARACTER»70 TXTSTR INTEGER ILEN 
ESC=CHAR(27)
RET=CHAR(!3)INTVAL=CODEIN(ILEN)
CE Remove RET from end of s t r in g  Js2! CONTINUE







CE E quivalent to  LLTXIN 
CE SET-TEXT-INDEX








CE E quivalent to  LLVISG 
CE SET-SBGMENT-VISIBILITY 
CE ISBG segment number 





CE We have to  ge t r id  of th e  RET c h a rac te r  a t  th e  end of th is  s t r in g  
J=2
1 CONTINUEIF (INTSTR1(J:J).EQ.RET) GOTO 2 
J sJ+1 GOTO 1
2 CONTINUE 




CE Equivalent to  LLVWPT 
CE SET-VIEWPORT
CE ILRX lower l e f t  x co o rd ina te  
CE ILRY lower l e f t  y co o rd in a te  
CE lUPX upper r ig h t  x coo rd ina te  
CE lUPY upper r ig h t  y co o rd in a te  
CHARACTER*1 ESC,RET 









CE Equivalent to  LLWIND 
CE SET-WINDOWCE ILRX low er l e f t  x co o rd ina te  
CE ILRY lower l e f t  y co o rd in a te  
CE lUPX upper r ig h t  x co o rd ina te  
CE lUpy upper r ig h t  y co o rd in a te  
CHARACTER*! ESC,RET 









CE This fu n c tio n  encodes in te g e rs  in to  h o st syntax.
CE For more d e ta i l s ,  see page 5-2 of th e  *107/*109 
CE Programmers* Reference Manual.CHARACTER** CODE 
CHARACTER*! RET
INTEGER INTVAL,INTEMP,ICOUNT,HII!,HII2,L0I LOGICAL POS 








IF (HII2.GT.0 .OR. HII1.GT.0) THEN 




CODE(ICOUNT: ICOUNT)z CH AR(3 2+LOI)ICOUNTzICOUNT+!
CODE(ICOUNT; ICOUNT)zRET CODEINzCODE(! :ICOUNT+1)
RETURNEND
CHARACTER*5 FUNCTION CODEXY(INX,INY)
CE This fu n c tio n  encodes (x ,y ) v a lues in to  host syntax 
CE For more d e ta i l ,  see page 5-* of Programmers* Reference 
CE Manual fo r  T*!07/*!09 Term inals.INTEGER INX,INY
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SUBROUTINE DECODEXY(CODEXY,SIGCHR,KEYCHR,INX,INY)
CE This su b rou tine  decodes (x ,y ) re p o r ts  from th e  term inal. 
CE For more d e ta i l ,  see page 5-*  of Programmers* Reference 





HIYzICHAR( CODEXY( 3 :3 ) )
EXTRAzICHAR( CODEXY( * :* ) )
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